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Abstract
The relationships between wood and streambed substrates, among other abiotic
components, are complex and an important part of the arrangement and dynamics of
habitat in forested stream ecosystems. The objective of this research was to expand how
we approach the study of the physical components of forested streams by considering the
methods used to quantify these features, particularly substrates. Additionally, we assessed
the temporal change over 14 years for streambed substrates, channel morphology, and
large wood in a selectively-logged watershed. Our final objective was to understand if a
relationship exists between the complexity of streambed morphology derived from
variograms, and volume of instream large wood in forested streams. Our results suggest
that Structure from Motion photogrammetry is a suitable complement or alternative to
pebble counts for quantifying submerged streambed substrate composition as well as
temporal changes in streambed morphology at small spatial scales (chapter 2). We
determined the volume and abundance of large wood decreased within streams located in
selectively logged catchments over the 14 years, but that the stability in streambed
substrates and channel morphology did not appear relate to the amount of wood present
(chapter 3). Finally, we found that in these tributaries of the Otter River, channel
complexity metrics developed from variograms were not related to the volume of large
wood present in stream channels (chapter 4). We hypothesize that may be due to the
relatively low volume of wood compared to western US streams in addition to wood
being too small relative to the local channel and larger landscape features, and that other
underlying factors may be driving morphological complexity in these stream channels.
Together, this research demonstrates that the association between large wood and channel
complexity may not apply to all forested streams, and highlights some of the complexity
in understanding the spatial and temporal relationships in forested streams, as well as
presents an innovative approach to quantifying and monitoring streambed substrates and
morphology.

xiii

1 Introduction
The relationships among instream wood, streambed substrates, and channel morphology
are complex and critical to the structure, habitat, and dynamics of forested river
ecosystems. Due in part to this complexity, there are questions to be addressed regarding
how the interactions among these components form and influence instream habitat for
biota, and how they should be measured. This is in part because watershed disturbances
have altered the natural processes in rivers in the United States and elsewhere (EPA
2002, EPA 2007) leading to embedding of coarse substrates (Stednick and Kern 1994),
reductions of instream large wood (Montgomery et al. 2003), and reduced channel
stability (Bilby 1984). These impacts have been attributed to activities including forest
management and urbanization/development (e.g. road construction) (Chamberlin et al.
1991, Malmqvist and Rundle 2002) and have implications for fluvial biota.
This dissertation seeks to advance our understanding of the spatial and temporal
relationships between large wood, channel morphology, and substrate composition in
forested streams of the upper Great Lakes and improve our approach to quantifying these
features. A large body of research focused on large wood in fluvial systems has been
conducted in the western United States, including the Pacific Northwest and Alaska
(Wohl 2017). Relatively little research on this topic has been done in the upper Great
Lakes region so comparatively less is known about wood and substrate related conditions
and dynamics in other parts of the country including the upper Great Lakes region
(Cordova et al. 2007). A goal of this dissertation is to support successful management and
restoration of forested streams in this region by expanding our understanding of the past
and present conditions as well as what relationships may occur between the physical
components of these streams. For the important task of quantifying streambed substrates
and channel morphology, we apply innovative approaches in order to better understand
what physical conditions exist in these streams.
A major limitation of understanding the dynamics and mechanisms of any system is the
ability to efficiently and accurately measure it. In chapter 2, we sought to expand the
1

ways that streambeds and streambed substrates are measured by using a modeling
technique called Structure from Motion (SfM) photogrammetry. With SfM
photogrammetry we created three-dimensional point clouds (Westoby 2012) of
submerged substrates. These models were then used to characterize channel morphology
and the surface roughness of the streambed (Heritage and Milan 2009). To ensure that
this method would be comparable to standard commonly used techniques, we developed
regression models to relate percentiles of surface roughness derived from SfM
photogrammetry to substrate size percentiles from the widely used pebble counts. We
found that roughness derived from SfM photogrammetry was a good predictor of pebble
count percentiles for streambeds with low abundances of fine sediments such as sand (r2
> 0.95), particularly for frequently reported metrics such as the 84th percentile (D84). This
means that SfM models derived from submerged images may be a useful quantitative tool
comparable to pebble counts. We also determined that SfM photogrammetry point cloud
models can accurately quantify changes in channel morphology at small spatial scales
(e.g. 1-2 m2), meaning that the use of SfM photogrammetry to survey and quantify
temporal changes in submerged streambed morphology following, for example,
disturbance or restoration, may be appropriate.
Along with substrates, large wood is important in streams by influencing their
morphology and habitat for biota. However, many studies span relatively short periods
and data is spare for the longer term dynamics of wood in forested rivers. In the next
study (chapter 3), we sought to characterize how large woody material, streambed
substrates, and channel morphology changed in six streams in a selectively logged
watershed in the western Upper Peninsula, Michigan since they were surveyed in 2001
following the most recent harvest (Burgess 2008). We expected that sites with a higher
volume of large wood would have the most stable (i.e. similar) substrates and channel
morphology, and that sites with less large woody material would be less similar between
the two sampling periods. Despite decreases in large wood volume and abundance among
most of the sites, stability in substrate characteristics and channel morphology do not
appear to relate to the amount of wood present in these sites within this time frame and in
2

the conditions resulting from this active forest management. Additionally, the low
volume of wood in these streams may be linked to the active forest management strategy
that selectively harvests larger trees. Although we expected to see differences between
sites, it may be that there is not enough wood in these sites to detect between this 14-year
period.
Large wood is associated with greater geomorphic complexity in forested streams and its
historical removal has resulted in numerous disturbances, and is often added in attempts
to enhance complexity and increase habitat for biota. However, the way that complexity
is quantified may not represent the way that it is structured (e.g. discrete vs continuum)
and some have called for different approaches for considering this important component
of streams. In the final study (chapter 4), we surveyed large wood and channel
morphology in six forested streams of the western Upper Peninsula, Michigan and then
used variograms to describe the spatial structure in channel morphology of the streams
(Legleiter 2014a). The goal of this study was to determine if a relationship exists between
instream large wood volume and the complexity of channel morphology (i.e. variability
in topography) as derived from the variograms. Based on extensive literature showing
association between large woody material and the structure and composition of local
scale habitat features such as riffles, pools and runs (Montgomery et al. 2003), we
predicted a strong association with channel complexity. Metrics of channel complexity
from the variogram analysis did not appear to show a trend with the volume of large
wood present in the channel. This may be due to the small size and low abundance of
large wood as well as other underlying landscape and environmental factors driving
morphological complexity in these streams.
Complexity is an important part of fluvial systems. Not only are complex streams more
resilient and resistant to disturbance (Pearson et al. 1992), but they often support greater
biodiversity (e.g. Beisel et al. 2000). Complexity in streams can come in many forms and
although this and associated terms (e.g., heterogeneity) are found throughout each of the
chapters in this dissertation, it is important to distinguish the differences between them.
3

In chapter 2, substrate roughness is a metric of the complexity in small-scale topography
of the streambed. In chapter 3, stream complexity is considered at a larger spatial scale
and takes the form of variogram metrics from the topographic data. Finally, in chapter 4,
complexity is considered in regard to channel morphology in the form of coefficient of
variation of channel width and depth. We also consider complexity of substrate
characteristics such as the heterogeneity in substrate diameters, and the gradation
coefficient, which measures the spread in substrate diameters.
Together, these three studies expand how we approach the study of the abiotic
components of fluvial systems, especially small headwater streams draining mixed
hardwood forests (chapter 2), as well as our understanding of what physical conditions
exist temporally (chapter 3) and spatially (chapter 4) in the upper Great Lakes region.
The results from this research are useful by expanding the ways that substrates and
streambed morphology are measured using SfM photogrammetry and variograms.
Additionally, our data for the physical conditions present in these tributaries of the Otter
River watershed indicate that the current relationship between large wood and channel
morphology does not appear to support the what has been found in other parts of North
America, as well as provide data for what conditions may be representative of streams in
this selectively logged Upper Great Lakes watershed. Together this understanding will
support future management and restoration by providing a reference for what physical
conditions exist as well as appropriate techniques for quantifying these features.
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2

Modeling submerged fluvial substrates with
Structure from Motion photogrammetry

2.1 Abstract
Natural sediment regimes of fluvial systems are variable and important to the
biological and physical structure of rivers, yet watershed degradation has led to increased
fine sediments entering and aggrading in rivers. As a result, quantifying substrate
composition is important for targeting and monitoring restoration. Conventional methods
for assessing substrate composition (e.g. pebble counts) can be time consuming and
biased. We examined the use of the photogrammetric technique, Structure-from-Motion
(SfM), as an alternative method by measuring streambed roughness. We expanded its
application to submerged substrates in an artificial streambed to assess if roughness could
predict pebble count substrate size percentiles across a range of manipulated levels of
fine sediment aggradation. We then assessed the use of SfM in a free-flowing river
streambed. Results from the artificial streambed with coarse substrates (≤31% added fine
sediment) revealed repeated SfM models of the same streambed had a high degree of
similarity (mean difference = 1mm) and a strong relationship between SfM derived
roughness and pebble counts (r2>0.95). This relationship was weaker (r2<0.66) and
violated regression variance assumptions when substrates had up to 47% (55.7 kg) fines
added, possibly due to SfM characterizing details not captured by pebble counts. In the
natural streambed there was a strong relationship between percentiles from the SfM
model roughness and pebble count diameter (r2=0.96). Structure-from-Motion appears to
be an efficient and appropriate alternative to direct substrate measurements across a broad
range of streambed substrate compositions and thus a useful tool to model streambed
morphology.

2.2 Introduction
Substrate composition is a critical feature of rivers that varies spatially, driven by factors
including the influence of gradient on sediment aggradation and transport relative to
6

particle size and discharge (Church 2002), tributary connections as sources of sediments
(Benda et al. 2004), landscape position (Frissel et al. 1986), and land-use (Walling 1999).
This variability is also expressed temporally, for example, in the form of greater sediment
transport during high discharge and greater rates of aggradation during low flow (Allen &
Castillo 2007). The condition and variation of streambed substrates is important because
substrate composition and dynamics are strongly linked to biological and physical
structures of rivers (Wohl et al. 2015). Anthropogenic watershed erosion and aggradation
of sand in rivers, especially those with historically coarse substrates, has ecological and
economic consequences (e.g., decreased recreational fisheries) for recipient aquatic and
adjacent terrestrial communities (Wood & Armitage 1997). Activities such as agriculture,
forest management, road construction and use, etc. (Waters 1995) can disturb natural
sediment dynamics by increasing sediment inputs to fluvial systems and resulting in
turbidity and aggradation of fine particles, which is a major pollutant to rivers (EPA
2017). Furthermore, excess sediment can reduce the ability of a river to move water (i.e.
channel capacity), thus increasing flooding potential (Raven et al. 2009).
Modifications to substrate composition, including increased fine sediment (i.e., fines) can
influence the occupation and fitness of organisms in rivers (May et al. 2009) such as benthic
primary producers (Molinos & Donohue 2009), invertebrates (Angradi 1999, Jones et al.
2012b), and fish (Cover et al. 2008, Kemp et al. 2011). Substrate size distribution within a
stream can determine the spatial distribution of organism such as benthic algae attached to
coarse rocks or macrophytes prospering in fines (Jones et al. 2012a), and can influence primary
production and respiration (Marcarelli et al. 2015), and organic matter retention (Hoover et al.
2006) that fuel food webs. While some invertebrates tolerate a broad range of substrate sizes,
(e.g., some dipteran larvae), others such as clinging stoneflies favor a narrow range of
conditions (Williams & Mundie 1978). Fine particles tend to favor burrowing taxa (e.g.
oligochaetes), while larger particles are important for taxa that feed from stable substrates
(Hershey et al. 2010). Sediment size is also important for salmonid spawning (Kondolf &
Wolman 1993), early development of eggs and larvae in interstitial spaces between rocks
where they are protected from predation and elevated streamflow (Kemp et al. 2011), and
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juvenile growth (Suttle et al. 2004). Additionally, coarse substrates alter small scale water
currents (Robert 2011), which some fish use to reduce energy expenditure while maintaining
channel position (Liao 2007). The importance of a natural sediment regime and substrate size
characteristics in a habitat, signify the importance of accurately and efficiently quantifying
status and changes to streambed habitat for management (May et al. 2009, Wohl et al. 2015).
Currently, a variety of survey techniques with often unique biases are used to assess streambed
substrates and there is a need for improved efficiency and effectiveness. Some methods for
evaluating substrates include pebble counts (Wolman 1954), bulk percent fine (<2 mm)
analysis (Hames et al. 1996), and visual classification (Bjornn 1977). Pebble counts, in
particular, are widely used to estimate size frequency distributions and percentiles of
substrate diameters, most commonly the 50th and 84th percentiles (D50 and D84,
respectively) (Marcus et al. 1995, Daniels & McCusker 2010). These data are often used
as an estimate for streambed roughness (Wohl et al. 1996), as was intended when the
method was developed (Wolman 1954). Streambed roughness is a measure of small-scale
topographic change that affects water turbulence (Robert 2011), making it an important
component to the spatial structure of stream ecosystems (Biggs et al. 2005) and the
interactions between biota (Fausch 2014). However, pebble count percentiles (e.g. D50)
may be inadequate for estimating roughness because they do not account for the effects
of imbrication (i.e. water aligning substrates in a downstream direction) on roughness
(Entwistle & Fuller 2009). Under this scenario, imbricated substrates are less rough than
a pebble count might indicate. In addition, inadequate sample size (Daniels & McCusker
2010), variability between samples, and smaller particles being underrepresented are
additional pebble count limitations (Hey & Thorne 1983, Marcus et al. 1995).
A contemporary metric for roughness is the standard deviation of elevation (Pearson et al.
2017) because it may be better at estimating flow resistance than substrate diameter
(Aberle & Smart 2003). Modern techniques (e.g. Terrestrial Laser Scanning (TLS)). have
been used to model streambed topography and quantify roughness. By measuring surface
elevation, improvements to the data can result from measuring only the portions of
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individual particles interacting with the water column (Heritage & Milan 2009); however
TLS can be cost prohibitive and has limited ability to penetrate water (Smith et al. 2012).
An alternative technique to measure topography, and thus roughness, is Structure from
Motion photogrammetry (hereafter SfM), which produces three dimensional models of
objects from overlapping images (Westoby 2012). Matching locations in each image are
identified to construct a point cloud of data representing the object. A major advantage of
SfM over TLS is that it requires only a digital camera and SfM software (e.g. Agisoft
Photoscan), however, referencing SfM models still involves additional equipment (e.g.
total station or GPS). SfM has been used in terrestrial ecosystems to measure landscape
changes (Lucieer et al. 2014), while underwater images have been used to characterizing
habitat, bathymetry, and the structural complexity of coral reefs in marine environments
(Carrivick & Smith 2019). In rivers, SfM primarily has been applied to exposed
streambed and floodplain regions, often collected via unmanned aerial vehicles (UAV)
and used to create surface models of topography (Fonstad et al. 2013, Javernick et al.
2014), and characterize substrates (Woodget & Austrums 2017). There has been progress
using through-water images and SfM to extract elevation data of submerged streambeds
(Woodget et al. 2015, Dietrich 2017) but there are some sampling limitations to consider
(e.g. shallow (≤0.7 m)), clear, and calm water, with a correction factor applied to account
for refraction; Woodget et al. 2015). Despite the extensive progress in using SfM for
sampling rivers, we are unaware of previous attempts to combine underwater imaging
and SfM in fluvial ecosystems.
Here we incorporated images acquired underwater (i.e. no images were captured across
the air/water interface) to expand SfM’s application for surveying and characterizing
submerged streambed habitat and substrates. We evaluated if SfM derived streambed
roughness models can predict substrate percentiles (D50 and D84). If suitable, SfM could
be used to supplement pebble counts for repeated assessments such as monitoring
restoration responses. Additionally, we evaluated the dynamic relationship between
surface roughness and pebble count percentiles by simulating a streambed altered with
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increasing fine sediment aggradation in an artificial streambed. Finally, we applied
underwater SfM to a natural streambed in a free-flowing river.

2.3 Methods
Laboratory Streambed
We used SfM derived roughness to estimate substrate diameters in an artificial streambed
simulated in a 1500 L (~1.83 m diameter) tank filled with water. We then incrementally
increased the fines to evaluate how fine sediment aggradation affects SfM’s ability to
generate these estimates. Eight equally spaced points inside the tank outlining the
perimeter of a 1 m2 area were marked and measured (x, y, z) using a total station. These
served as ground control points (n=4) to establish a local coordinate system, and check
points (n=4) where the known coordinates are compared to the models estimated
locations to assess SfM point cloud accuracy. The streambed was made using bulk
samples collected from the Salmon Trout River, Marquette County, Michigan where
pebble count D50 and D84 were 0.5 and 45 mm, respectively. Substrates were dried
(100oC for 24 hrs.), sieved (<0.063, 0.063-0.125, 0.125-0.25, 0.25-0.5, 0.5-1, 1-2, 2-4, 416, 16-64, and >64 mm) and weighed as size-categories. From these, 535 coarse
substrates (>2 mm diameter) were selected, individually weighed (0.01 g), and their
intermediate axis diameters were measured (nearest 1 mm) before being placed within the
1 m2 area of the tank. Diameters for this initial (no fines) streambed ranged from 11-231
mm and the total mass was ~62 kg. A range of sediment distributions were then created
by iteratively adding 9.3 kg of particles < 2mm (15% of the initial course streambed’s
weight) from the bulk sample, dispersed over the streambed to simulate sediment
aggradation. Six additions were done until the streambed contained 55.7 kg of fines (90%
of the initial streambed weight). By the second addition of fines (18.6 kg) the median
substrate size was sand (≤ 2 mm) and by the fifth addition (46.4 kg) the course substrates
were fully embedded. After each addition a pebble count was conducted by measuring
the intermediate axis of 100 randomly selected particles. From these data, percentiles
were calculated from 0-95th, in 5% increments. Any fines encountered during the pebble
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count were assigned a diameter of 0.5 mm because ~66% of the sieved fines were 0.250.5 mm.
Image Acquisition & Analysis
For each streambed condition SfM was used to create a point cloud from overlapping
images (all acquired underwater) using a 20.2-megapixel Sony RX100 camera (1” sensor,
24 mm equivalent focal length). Images should overlap by ≥60% to ensure adequate
coverage (James & Robson 2012) and be taken from oblique angles to minimize model
distortion (e.g. doming, James & Robson 2014). All images were captured in a similar
manner: using the same focal length (24 mm), from overhead and multiple oblique
angles, and spaced for at least 60% overlap. Point clouds were developed using Agisoft
Photoscan Professional (Agisoft 2018). After removing blurry images, the remaining
(Table 2.1) were imported into Photoscan, aligned using the medium accuracy setting,
while automated camera alignment optimization was run to correct potential model
distortion such as doming (Agisoft 2018). During this phase outlier points were manually
identified and removed. Dense point clouds were developed using medium accuracy with
mild depth filtering to ensure key features were retained, and ground control and check
point coordinates were entered. Finally, digital elevation models (DEM) were produced
from the dense point clouds, with spatial resolutions ranging from 0.3-0.5 mm (Table 2.1)
and exported from Photoscan.
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Table 2.1. Streambed conditions (fine sediments added) in artificial streambeds, and the
Pilgrim River natural streambed. Dense cloud points derived from SfM model developed
from the number of Images. GCP (ground control points) and CP (check points) are
locations with known coordinates measured via total station. Their errors represent the
difference in their actual and SfM estimated location and used as the M3C2 registration
error. Mean precisions estimates derived from bundle adjustments (random error added to
each point and variance is characterized) and presented for each model. D50 and D84
reported from pebble count measurements and predicted from SfM roughness/pebble
count percentile regression models.
Streambed
1a-Lab: 0 kg Fines
1b-Lab: 0 kg Fines+
2-Lab: 9.3 kg Fines
3-Lab: 18.6 kg Fines
4-Lab: 27.9 kg Fines
5-Lab: 37.2 kg Fines
6-Lab: 46.4 kg Fines
7a-Lab: 55.7 kg Fines
7b-Lab: 55.7 kg Fines+
8-Natural: Pilgrim River
Streambed
1a-Lab: 0 kg Fines
1b-Lab: 0 kg Fines+
2-Lab: 9.3 kg Fines
3-Lab: 18.6 kg Fines
4-Lab: 27.9 kg Fines
5-Lab: 37.2 kg Fines
6-Lab: 46.4 kg Fines
7a-Lab: 55.7 kg Fines
7b-Lab: 55.7 kg Fines+
8-Natural: Pilgrim River

Percent
Fines
0
0
13.0
23.1
31.0
37.5
42.9
47.4
47.4
GCP / CP
Error (mm)
4/4
5/3
5/4
5/4
5/5
6/4
5/4
4/4
5/4
5/9

Images
Used for
Model
53
86
88
134
139
82
120
123
78
294
Mean Point
Precision
(mm)
3
3
4
3
3
3
3
3
3
1
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Dense Cloud
Points (x106)
17.06
5.24
8.05
7.38
8.69
7.89
7.87
8.65
8.28
23.81
Pebble Count
D50/D84 (mm)
40/72
40/72
37/63
*0.5/54
*0.5/48
*0.5/19
*0.5/*0.5
*0.5/*0.5
*0.5/*0.5
33/57

DEM
Resolution
(mm)
0.5
0.3
0.4
0.5
0.4
0.4
0.5
0.4
0.4
0.5
Estimated
D50/D84
(mm)
41/77
38/70
39/73
17/50
14/45
5/22
2/7
1/1
1/1
34/60

GCP /
CP
Points
4/4
4/4
4/4
4/4
4/4
4/4
4/4
4/4
4/4
2/2

Some fines slumped beyond the 1 m2 plot boundary resulting in relatively less sand along
the edges (see Fig. 2.1 B and D). To avoid bias in the form of reduced embeddedness and
exaggerated roughness, the DEMs were clipped to a 0.61 m2 square in Arcmap 10 (see
e.g., Fig. 2.1A). Following Heritage & Milan (2009), twice the standard deviation of
elevation (i.e. roughness) within a moving window was calculated for the DEM. The
window was set equal to the radius of the largest observable substrate (range: 15-75 mm)
and moved in 50 mm increments (Heritage & Milan 2009) using the Focal Statistic and
Resample tools in Arcmap 10. The individual roughness values were then used to
quantify percentiles of roughness (0-95th, 5% increment). Finally, we assessed if SfM
derived roughness could predict pebble count data under different streambed conditions
(i.e. increasing aggradation) using linear regression. For the six streambed configurations,
substrate diameter percentiles were regressed against percentiles of surface roughness
using SigmaPlot 13.0 (Systat Software, Inc.)

Figure 2.1. Dense point clouds of the 1 m2 artificial streambed with no sand (A, C) and
75% sand added (B, D). Images represent overhead (A, B) and oblique angles (C, D) of
models. The black square in (A) depicts the 0.61m2 plot after the original model was
clipped to reduce edge effects.
SfM Change Detection & Precision Analysis:
To test the repeatability and accuracy of SfM models we collected two image sets for
each streambed configuration from 0 and 55.7 kg added fines to identify point cloud
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differences that may have resulted from insufficient image coverage or model errors. We
applied the Multiscale Model to Model Cloud Comparison (M3C2) approach (Lague et
al. 2013), previously used to detect temporal landscape changes from SfM derived
terrestrial data (Esposito et al. 2017). The M3C2 compares models based on individual
point orientation relative to a normal surface, which is more robust than subtracting
DEMs (Lague et al. 2013). To calculate confidence intervals, the M3C2 accounts for
registration errors, which combine ground control and check point errors (Table 2.1) and
are attributed to differences between their actual and calculated locations in the model.
Finally, survey precision was evaluated for each of the streambeds following the methods
outlined by James et al. (2017) resulting in error estimates that stabilized after fewer than
4000 iterations (see Table 2.1).
Assessment of Natural Streambed:
Following the artificial streambed assessment, we evaluated these methods in the Pilgrim
River, Houghton County, Michigan, which drains ~63 km2 of mostly forested landscape
in Michigan’s western Upper Peninsula. A reach was selected with a streambed of coarse
and fine substrates, and a water depth of ~0.5 m. We sampled during baseflow, relatively
clear water, and overcast conditions to maximize image clarity and minimize shadows,
both of which can introduce error into point clouds. Four pieces of rebar were anchored
into the streambed, referenced by placing a prism pole on them and sighting with a total
station to establish a ~2 m2 plot, and designated as ground control (n=2) and check points
(n=2). Within the plot, a pebble count was done for 125 substrates to balance sampling
time and reducing errors associated with smaller sample sizes (Hey & Thorne 1983) and
294 overlapping underwater images from overhead and oblique angles were taken of the
streambed. After photo alignment and optimization (see Image Acquisition and Analysis)
a dense point cloud was constructed (medium accuracy), ground control and check point
coordinates were entered, and the model was exported as a 0.5 mm resolution DEM from
Photoscan. Following the artificial streambed methodology, roughness was quantified
using a 100 mm window (radius of largest substrate) moved at a 50 mm interval
(Heritage & Milan 2009). Percentiles (0-95th, 5% increment) of these roughness values
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were extracted from the DEM while substrate diameters were estimated from the pebble
count. Linear regression was used to develop a model to predict percentiles of substrate
diameter from surface roughness.

2.4 Results
Laboratory Streambed
Across the iterative sand additions we achieved a large range in substrate size
distributions in the lab streambed with pebble count D50 measurements ranging from 0.540 mm, and D84 measurements from 0.5-72 mm (Table 2.1). The number of images
collected for each trial ranged from 53-139 and the resultant SfM point cloud models
contained 7->17 million points (Table 2.1) that were highly resolved with low error (e.g.
Table 2.1, Figure 2.1) and mean point precisions that ranged from 3-4 mm (Table 2.1). In
general, the point clouds had continuous coverage, however, there were locations with
larger gaps between adjacent points. This primarily occurred for streambeds with low
sand abundance (e.g. ≤18.6 kg added sand) and is likely due to inadequate image
coverage of the interstitial spaces.
We found strong associations between percentiles of measured pebble count diameter and
SfM modeled streambed roughness (adjusted R-squared range: 0.81-0.96, all p<0.001)
for streambeds up to 27.9 kg added sand (Figure 2.2). However, these relationships for
streambeds with 37.2-55.7 kg added sand were weaker (adjusted R-squared range: 0.190.65, p<0.001-0.005) and violated the regression assumption that data have an equal
variance. Based on regression models for each artificial streambed, pebble count D50
estimated from the SfM models ranged from 0.6-41 mm and D84 ranged from 1-77 mm
(Table 2.1). The estimated D84 values were strongly related to values measured from the
pebble counts for each artificial streambed configuration (adjusted R-squared = 0.97,
p<0.001; Figure 2.3).
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Figure 2.2. Regression models for percentiles of substrate diameters from measured
pebble count data (y-axis) and modeled substrate roughness from SfM derived DEMs (xaxis) of artificial streambeds with varying amounts of fines added. Points represents
percentiles, from 0-95th, in 5% increments. Solid and dotted lines represent the best fit
and 95% confidence intervals, respectively. Arrows point to the median (D50) from
pebble count and roughness.
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Figure 2.3. Regression model for the substrate size D84 measured from a pebble count of
each artificial streambed configuration, and the predicted D84 from regression models
between percentiles of roughness and pebble count diameter.
Mean (±SD) and maximum differences between point clouds from the resampled
streambed with no fines was 1.0±2.8 mm, and 51.3 mm, respectively, with the areas of
greatest disparity generally occurring in the interstitial spaces between the substrates.
However, results from the M3C2 tool indicated <1% of points were significantly
different between the models. When comparing the original and resampled 55.7 kg added
sand streambed, mean (±SD) and maximum differences between point cloud were
0.8±0.7 mm and 1.2 mm, respectively, and no significant difference between the models
were indicated from the M3C2 tool.
Natural Streambed
Substrates measured during the pebble count ranged from 1-200 mm, the D50 and D84
within the ~2 m2 natural streambed were 33 and 57 mm, respectively (Table 2.1), and the
point cloud had ~24 million points with a mean precision of 1 mm (Table 2.1; Figure
2.4). Similar to those for the artificial streambeds, the model was nearly continuous with
few locations where insufficient image overlap caused point cloud gaps (Figure 2.4). The
regression model indicated a strong association between percentiles from pebble count
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diameters and surface roughness (adjusted R-squared = 0.96, p<0.001; Figure 2.5). Based
on the regression model, estimated D50 and D84 were 34 and 61mm, respectively (Table
2.1).

Figure 2.4. SfM derived point cloud for the ~5m2 area of Pilgrim River, MI streambed.
Rebar with flagging represent ground control and check point locations and are the
perimeter for the ~2 m2 region analyzed. Inset image used to develop the model and
white arrow pointing to the same substrate particle in the model as in the image.
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Figure 2.5. Regression model for measured substrate diameter and modeled substrate
roughness from SfM derived DEM of the natural Pilgrim River streambed. Each point
represents a percentile, from 0-95th, in 5%. Solid and dotted lines represent the best fit
and 95% confidence intervals, respectively. The D50 is indicated by the arrow.

2.5 Discussion
We have shown that SfM and underwater imagery can be used to develop high-resolution
(0.3-0.5 mm) models of submerged streambeds with a high degree of precision (Table
2.1) comparable to other studies (e.g. 20 mm; Woodget et al. 2015, James et al. 2017).
These models accurately estimate pebble count diameter percentiles and quantify
morphological changes at small spatial scales. Our results indicate SfM estimated
roughness is comparable to and reportable in commonly used metrics (e.g. D50, D84), and
may be useful as a quantitative tool comparable to pebble counts. This builds upon
previous SfM work characterizing fluvial substrates (Woodget & Austrums 2017) by
expanding its use to underwater images and may be an appropriate alternative when
extensive canopy and/or bank vegetation prevent through-water aerial or remote imaging.
As previously shown (see Carrivick & Smith 2019) this may be especially useful for
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repeatedly sampled submerged habitat, where pebble counts or other assessments are
unsuitable, or for collecting local high-resolution data.
In our manipulated streambeds in the lab, we found a clear relationship between D84 from
pebble counts and those predicted from regression models (Figure 2.3). Coupling this
with the high-precision we achieved (Table 2.1) highlights the potential use of these
methods for accurately characterizing temporal changes in substrate sizes within
submerged streambeds. A benefit SfM is that substrates are spatially referenced and
sampled with finer resolution than possible using direct measurements (e.g. pebble
count). However, there are limitations to predicting pebble count diameters from
roughness for streambeds with abundant fines (Figure 2.2), likely due to the pebble
count’s difficulty characterizing smaller (>2 mm) substrates (Hey and Thorne 1983). This
results in smaller pebble count percentile being identical (e.g. 0.5 mm), while equivalent
roughness percentiles increase (Figure 2.2). In addition, SfM derived roughness of poorly
sorted streambeds may underrepresent smaller particles, inaccurately predicting substrate
diameter percentiles (Pearson et al. 2017). Although a strong linear relationship was
found between the measured and estimated D84 for each artificial streambed (Figures 2.2
and 2.3), regression models may be river and/or site specific, as these relationships vary
substantially across studies (Pearson et al. 2017). It is important to note that pebble
counts are generally performed at coarser scales (e.g. 1-2 measurements/m2) than done in
this study (≥100 particles in 1m2) and others relating roughness to substrate diameter
(Heritage & Milan 2009, Pearson et al. 2017). For regression models to be highly
predictive, initial site assessment may require higher resolution pebble counts, but the
effect of pebble count density on this relationship was not assessed. Despite these
limitations, SfM avoids the biases of bulk sampling by only evaluating the substrate
surface, and thus relevant to organisms that interact with and physical dynamics that
operate at this sediment/water interface. When using these techniques to relate roughness
to substrate percentiles in sandy and/or poorly sorted streambeds care should be taken
when evaluating results.
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Substantial progress has been made using high-resolution topographic surveys such as
TLS and SfM, and while both approaches produce comparable models (James & Robson
2012, Hamshaw et al. 2018), SfM has the advantage of using lower-cost (Castillo et al.
2012) and more portable equipment (Smith et al. 2016). Prosdocimi et al. (2015)
highlighted the low-cost aspect of SfM by characterizing bank erosion and deposition
along an agricultural stream using a DSLR and smartphone camera. When coupled with
unmanned aerial platforms, larger scale assessments can be performed (Woodget &
Austrums 2017), such as quantifying scour and deposition for exposed regions of river
channels (Marteau et al. 2017). Along with measuring stream morphology, coupling SfM
with other assessments may provide new insights, such as quantifying fish habitat
suitability by combining SfM and hydrodynamic models (Tamminga et al. 2015).
Like other remote sensing techniques, environmental limitations exist, including water
depth and clarity, surface turbulence, and floating particulate matter that are difficult to
sample or can introduce model errors (Woodget et al. 2015, Dietrich 2017). In addition to
a maximum water depth that can be sampled (e.g. Woodget et al. 2015), there is likely a
minimum depth at which achieving ≥60% image overlap of underwater images becomes
unrealistic. Therefore, proper planning is important for developing complete and accurate
models. This study was performed on small spatial scales as a proof of concept and
should be directly applicable for sampling individual habitats (e.g. ≤10 m2). To apply
these methods beyond this scale (e.g. reach scale) would require careful site planning to
ensure all relevant habitat can be imaged, additional ground control and check points, and
a more intense sampling effort, which has not yet been evaluated.
Anthropogenic impacts have resulted in significant changes to fluvial sediment supply
(Owens et al. 2005). Therefore, accurately characterizing substrates is important for
restoration and understanding environmental conditions essential for biota. Coupling low
cost digital cameras with SfM means small scale (≤10m2) remote sensing is an accessible
option for stream monitoring, and substantial progress has been made modeling exposed
streambeds, as well as using through-water images to quantify submerged topography.
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We have shown that models derived from underwater images can accurately predict
pebble count percentiles for streambeds with a low abundance of fine sediment. Throughwater images allow for larger portions (i.e. submerged) of rivers to be sampled using SfM
at larger scales. Our study indicates that underwater images are useful at small scales
with high-resolution and where through-water imaging is not feasible, thus broadening
the types of rivers, situations, and problems to which SfM can be applied. In addition to
using underwater SfM to predict pebble count percentiles, the high-resolution and
precision achievable with this technology suggests it may be useful in measuring and
monitoring underwater topography such as for longer term or repeated assessments of the
effects of restoration on streambed substrates. Based on the results of this study and
others, the ability to rapidly collect high-resolution data that accurately and efficiently
characterizes streambed substrate condition along with its increased use for assessing
ecosystems (Carrivick & Smith 2019) warrants the continued application and refinement
of SfM for sampling submerged stream habitat.
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3

Temporal dynamics of large wood, stream channel
morphology, and substrates in a selectively logged
watershed of the western Upper Peninsula,
Michigan.

3.1 Abstract
Streams in the western Upper Peninsula of Michigan and throughout the upper Great
Lakes region have been impacted by historical logging, yet relative to other forested
regions of North America, little is known about current conditions and the impacts of
contemporary and historical logging in this region. This presents a management challenge
due to the geomorphological, climatic, and biological differences between streams in the
upper Great Lakes and those in the western US. What has been learned from the decades
of research in the western US and elsewhere may not be applicable in this region. In this
study we sought to characterize how large wood volume and abundance, streambed
substrates, and channel morphology (coefficient of variation for width and depth,
width:depth ratio) changed in six streams in a selectively-logged watershed in the western
Upper Peninsula, Michigan since they were last surveyed in 2001. We expected that sites
with higher volumes of large wood might be more temporally stable as indicated by less
change in substrates and channel morphology between the two sampling periods. Four of
the six streams showed decreased large wood volume and the number of large wood
pieces decreased in all the sites from 2001 to 2015/2017. Substrate characteristics
changed between the two sampling periods, with pebble count D84 values increasing in
half the streams and decreasing in the other half, and percent fine sediment increasing in
all but one. Changes in channel morphology were also variable between the sampling
periods for coefficients of variations of channel width (two sites increased and four
decreased), coefficients of variation for channel depth (four sites increased and two
decreased), and width:depth ratios (three sites increased while three decreased). There
was also no clear trend in stability of large wood and time since most recent logging for
these sites. Although we expected to see differences between streams, it may be that
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continued logging of this watershed has resulted not only less wood, but smaller wood,
and that not enough wood is present in these sites to detect a relationship with substrate
composition and channel morphology

3.2 Introduction
Large woody material is an important component of forested streams that influences
channel morphology by both inhibiting and promoting the movement of streambed
materials. Large wood can lead to reduced particle transport by trapping fine sediments
(Thompson 1995, May and Gresswell 2003) and can promote channel stability by
preventing stream bank erosion (Gurnell et al. 2002). It also facilitates changes in channel
morphology by directing or concentrating localized scour of sediments (Bisson et al.
1987, Andrus et al. 1988). In forested basins, large wood contributes to physical features
of river habitat (e.g. channel morphology and substrate composition) that support
instream biota (Angermeier & Karr 1984) such as macroinvertebrates (Benke and
Wallace 2003), fish (Dolloff and Warren 2003) and other organisms.
Instream wood can be dynamic as it is recruited, dispersed, and broken down over time
(Wohl and Goode 2008). Resident times of instream wood range from a few years (Wohl
and Goode 2008) to decades and centuries (Hyatt and Naiman 2001) depending on
factors related to its size and shape, as well as river characteristics such as flow (Wohl
and Goode 2008) and valley configuration (Morris et al. 2010, Jones et al. 2011). Jams of
wood can persist for even longer periods of time (Wohl 2014), as new wood is added
while existing wood is broken down via biological (Gulis et al. 2004) and physical
processes (Merten et al. 2010a). As a result of the important roles that wood performs, its
loss can negatively affect stream ecosystems (Naiman et al. 2002). When wood is
removed from a channel, local flow characteristics change, initiating erosion and
deposition as the stream adjusts to the new conditions (Smith et al. 1993). This often
increases scouring of sediments (Beschta 1979, Diez et al. 2000, Dumke et al. 2010) and
reduces channel stability (Bilby 1984, Gurnell & Sweet 1998). In smaller streams,
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particularly in higher gradient systems, watershed disturbances that result in a loss of
large wood can have long-term influences on sediment transport and storage (May and
Gresswell 2003).
Streams in the upper Great Lakes region and elsewhere in the United States have been
negatively impacted by significant logging activity (Wohl 2014). Many forests in
Michigan were heavily logged throughout the late 1800s into the early 1900s (Maybee
1960), which degraded fluvial habitat and is partially attributed to the loss of native
species like arctic grayling (Thymallus arcticus) from the state (Vincent 1962). Although
this massive tree harvesting occurred more than a century ago, many forests throughout
the state have been routinely managed through logging activity (Pugh 2018). Since the
mid-20th century much of the logging that occurs in northern hardwood forests is
selection harvest of single or small groups of trees rather than clear-cutting entire stands
(Seymour 1995). To mitigate the impact of logging, best management practices (BMPs)
were developed following the passage of the Clean Water Act in 1972 (Phillips and Blinn
2004) and suggest maintaining a 30 m buffer around the channel (MIDNR 2018) but
allow for harvesting within the zone provided impacts to water quality and the stream are
minimized (MIDNR 2018). Although BMPs can protect streams from the negative effects
of forest harvest when implemented properly (Cristan et al. 2016), research from streams
in the western Upper Peninsula, Michigan (Flaspohler et al. 2002) and elsewhere in the
western US suggest variation in the following of BMPs (Ice et al. 2004) and that logging
following BMPs may still result in degradation of stream ecosystems (Van Dusen et al.
2005).
There is comparatively less known about the conditions that exist in forested streams of
the Upper Great Lakes (Cordova et al. 2007, see also Wohl et al. 2017) as well as the
impacts of logging in this region (see Van Dusen et al. 2005) than elsewhere in North
America such as the Pacific Northwest. This presents a challenge for understanding the
implications of instream wood because it differs between regions as a result of factors
including forest type (Harmon et al. 1986), logging history (Ralph et al. 1994), and
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geomorphology (Martin 2001, Livers & Wohl 2016). The volume of wood in some
Upper Great Lakes streams has been shown to be much lower than, for example, western
streams where extensive wood related river research has been conducted (Cordova et al.
2007). While the mechanisms are not fully understood, selection logging in an Upper
Great Lakes mixed hardwood forest has been associated with decreases in instream
habitat quality and brook trout (Salvelinus fontinalis) density and biomass (Van Dusen et
al. 2005), as well as bird species richness (Flaspohler et al. 2002).
In this study we investigated temporal dynamics of instream large wood, channel
morphology, and substrate composition in selectively logged forested streams in western
Upper Peninsula, Michigan. This was accomplished by comparing recent data gathered in
this study to data collected when these sites were last surveyed in 2001 (Burgess 2008).
We predicted that sites with more large wood in 2001 would have a more stable substrate
composition and channel morphology (i.e. substrate characteristics would show less
change between the two sampling periods).

3.3 Methods
Study Sites
The Otter River watershed is located in the western Upper Peninsula, Michigan and
drains 465 km2 of land in Houghton, Baraga, and Ontonagon counties. The watershed is
comprised of approximately 79% forest and 12% wetland, with the remaining 9% being a
mix of agriculture, and grassland. Starting in the mid 1800s the forests in the Otter River
Watershed along with other regions in the upper Great Lakes were extensively logged
such that by 1935 they were less than half their original size (Leatherberry & Spencer
1996). For this research, six second-order streams were chosen based on biological and
physical data collected within the watershed in 2001 and 2002 (Huckins and Burgess
2004, Van Dusen et al. 2005, Burgess 2008; Figure 3.1). The six streams flow through
selectively logged state and commercial forest land (See Table 3.1 for most recent
logging) and join the West Branch (n=2) and the North Branch (n=4) of the Otter River
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before flowing into the Keweenaw Waterway via the main branch of the Otter and the
Sturgeon Rivers (Figure 3.1). In 2015, a 100 m study reach containing multiple channel
geomorphic units (e.g. pool, riffle, run) was relocated in each of the streams using GPS
waypoints, and site descriptions (Burgess unpublished data). All sampling from Burgess
(2008) and this study followed similar protocols unless noted otherwise.
Table 3.1 Past logging of Otter River Watershed sites. Years since adjacent logging data
from Burgess (2008). Available catchment logging data provided by Mi-DNR.
Site
Beaver (BEC)
Bart (BTC)
North Bear (NBR)
Otter Siding Rd (OSR)
Thirteen Mile (THM)
West Br. Sante (WBS)

Years since
adjacent logging
35
17
15
28
25
25

Years since
catchment logging
15
3
-

Figure 3.1 Map of study sites in Otter River Watershed, Michigan. Circles are the
downstream boundary of each site. BEC = Beaver Creek, BTC = Bart Creek, NBR =
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North Branch Bear Creek, OSR = Otter Siding Road, THM = Thirteen Mile Creek, WBS
= West Branch Sante Creek. Dark gray shaded areas represent the catchment area for
each site. Light gray shaded area is the Otter River Watershed.
To approximate how larger scale climate and streamflow characteristics may have
changed in the region to better understand changes in the watershed between 2001 and
2015/2017 we used data from two gaged rivers within 35 km of the study sites. The US
Geological Survey maintains gaging stations on the Sturgeon (#04040500) and Trap
Rock (#04043150) rivers, which drain 443 km2 and 73km2, respectively. Cumulative
10% exceedance discharge estimates for these gaging stations incorporate data from as
far back as 1913, and we compared these cumulative estimates to those quantified on an
annual basis (available from 2006-present) to understand how annual discharges
compared to the cumulative 10% exceedance discharges in these rivers. Both rivers
displayed similar trends, with three years of 10% exceedance discharges being greater
than the long term 10% exceedance discharge (as much as 53% greater), and the
remaining 9 years being equal to or less than the long term exceedance value (as much as
57% lower). Based on the proximity of the Trap Rock and Sturgeon rivers to the Otter
River Watershed, it is plausible that our study sites experienced similar trends in
discharge during this period. Additionally, a National Oceanic and Atmospheric
Administration (NOAA) storm event database search from 2001 to 2017 indicated 51
days with severe events (i.e. flash flood, flood, heavy rain, high wind, strong wind) for
Houghton, County. Of these, 22 days of rain and/or flood events were recorded. Along
with high wind and stream discharge periods due to storms, other disturbances that may
have occurred in the Otter River watershed, but we are unaware of, include road and
other developments, damming of streams, and impacts of invasive species such as
emerald ash borer (Agrilus planipennis).
Substrates
A modified Wolman pebble count (Wolman 1954) was performed in the tributaries to
characterize overall substrate size composition. Starting at the downstream boundary of
the sites, individual substrate particles were indiscriminately pulled from the streambed
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and measured with calipers along their intermediate axis to the nearest 1 mm. Particles
were selected while moving upstream in a zig-zag path between the banks of the stream
until >150 individual substrate particles were measured throughout the length of the site.
Any particle encountered ≤ 2mm was classified as a fine, e.g., sand (Wentworth 1922)
and assigned a diameter of 2 mm for analysis. These data were used to quantify the 16th
(D16), 50th (D50) and 84th percentile (D84) substrate diameters. These data were also used
to calculate substrate heterogeneity, defined as the ratio of D84/D50 (Laub et al. 2012), and
the gradation coefficient, which quantifies the range of sediment size distribution and
defined as half the sum of the D84/D50 and D50/D16 ratios, (Bunte and Abt 2001).
The bulk shovel measurement method (Hames et al. 1996) was used to quantify percent
of fine sediment at the midpoint of transects at the downstream, midstream, and upstream
of each of the sites. Total volume of each bulk sample of streambed substrates were
measured via water displacement prior to being rinsed through 0.25 and 2 mm sieves to
separate the fine (0.25 - 2 mm) from coarse particles (> 2 mm). The percent fine substrate
was calculated from the ratio of volume of fines and total volume from the bulk sample.
For samples with very large amounts of fine sediment, the percent fine substrates were
estimated as 100 – percent of coarse substrate particles, which were more efficient to
quantify.
Large Wood
Large woody material, having a diameter ≥0.1 m and length ≥1 m (Naiman et al. 2002,
Wohl et al. 2016) was surveyed using a Leica T11 total station (Leica Geosystems) to
mark the end locations of wood to measure length, and a meter stick to measure the
diameter to the nearest 0.01 m at the midpoint of each piece. From these data, abundances
of large wood (i.e. number of pieces) were standardized per 100 m of stream to facilitate
comparison to other studies. Volume of large wood was quantified by treating the logs as
a cylinder. Some of the sites contained large wood jams comprised of numerous pieces of
large (as defined above) and small wood. For these features the perimeter of the jams
were measured using the total station to produce a polygon representing the surface area
35

which was multiplied by the average water depth at these locations to approximate jam
volume. To facilitate comparison across sites, we standardized wood volume by dividing
the volume by the area of the site to result in a metric of wood density (LWD m3 / Stream
surface area m2). Initial measurements of large individual pieces of wood as well as jams
in 2001 were not accomplished using a total station, but rather used a flexible tape and
meter stick to measure length and diameter, respectively (Burgess 2008). In contrast to
how we estimated wood volume within jams, during initial sampling all large wood
encompassed within jams were individually measured and summed to quantify volume
(Burgess 2008).
Channel Morphology
A topographic survey of each site was conducted using a Leica TS11 total station (Leica
Geosystems). Starting at the downstream boundary of each site, the latitude, longitude,
and elevation of spatial points were measured throughout the rivers and referenced using
the local coordinate system. Point spacing in areas with greater topographic relief were
more closely spaced relative to less dense point spacing in lower relief areas. Overall
point spacing for each survey ranged from 1.0 – 2.1 points/m2. Burgess (2008)
characterized channel width and depth by setting up a cross-channel transect within each
of the pools, riffles and runs for each site. For each transect (transect range: 12-18 per
tributary) the channel width was measured to the nearest 0.1 m and the water depth was
measured to the nearest 0.01 m at five points equally spaced along the transect. Channel
morphology data from transect measurements (2001) and total station surveys (2017)
were used to calculate coefficients of variation (CV) for channel width and depth, which
act as estimates of complexity in channel morphology (Laub et al. 2012). In addition,
these data were used to calculate width:depth ratios based on mean depths of each site.
Analysis
To compare the data from the two sampling periods (2001 vs 2015/2017), paired-sample
t-tests were performed for substrate characteristics including D16, D50, D84, percent fine,
substrate heterogeneity and substrate gradation coefficients. Paired sample t-tests were
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also performed for large wood volume and abundance while a two-sample t-test was used
for changes in large wood diameter. Channel morphology changes were analyzed using
two-sample (mean width and depth), and paired sample (i.e. width:depth ratio, CV of
channel width and depth) t-tests. All values reported are mean ± standard deviation unless
noted otherwise.
To visualize how the sites changed from 2001 to 2015/2017 we performed a Non-metric
Multidimension Scaling (NMDS) analysis on metrics of substrates, channel morphology,
and large wood volume using JMP 14.0 (SAS Institute, Cary, NC, USA). For substrates
the D16, D50, and D84 were used, and for channel morphology the width:depth ratio as
well as CV of width and depth for each site were used. In order to ensure that no data
would disproportionally influence the ordination, a z-score transformation was done to
normalize the data. For each variable (e.g. D16) the mean value was subtracted from each
individual value and then divided by the standard deviation. After the NMDS was
performed for both the 2001 and 2015/2017 data, they were plotted together, and vectors
were added manually to connect the sites across time.

3.4 Results
Substrates
Major features of the streambed substrate size distribution within sites were remarkably
similar between the two survey periods separated by 14 years. In both survey periods
BEC, BTC and OSR tended to have the smallest substrate sizes while THM and WBS
had the largest substrate particles. The 16th percentile substrate diameters in 2001 were
similar to those in 2015 (t5 = 0, p = 1.0), and ranged from 2-12 mm, and 2-15 mm,
respectively (Table 3.2). WBS had the largest D16 value and was the only site with D16 >2
mm in both periods. Median substrate sizes (D50) in 2001 ranged from 6 – 40 mm, and
were similar to estimates of 2 – 43 mm that we calculated from the same sites in 2015 (t5
=0.64, p = 0.55; Table 3.2). For both sampling periods, THM and WBS had the largest
D50, while BTC and OSR had the smallest D50 in 2001 was in BTC and the smallest D50
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in 2015 was in OSR. The values of substrate D84 ranged from 27 – 85 mm in 2001 and 15
– 87 mm in 2015 (Table 3.2). Matching the pattern for median diameters, THM and WBS
had the largest D84 values for both periods, while the smallest D84 values were found in
OSR and BTC in 2001 and OSR and BEC in 2015 (Table 3.2). As with the 16th and 50th
percentiles, no major change was detected in the D84 estimates between the two sampling
periods (t5= 0.04, p = 0.97).
Table 3.2. Characteristics for Otter River Watershed sites from 2001 (upper, from
Burgess 2008) and present-day sampling (lower). Channel Width, depth, and percent fine
substrates are all mean ± standard deviation. Sixteenth (D16), Median (D50) and 84th
percentile substrate diameters (D84) were derived from Wolman pebble counts (Wolman
1954). Percent fine substrate was calculated from bulk sediment samples (see Hames et
al. 1996).
2001
Site
Beaver (BEC)
Bart (BTC)
North Bear (NBR)
Otter Siding Rd (OSR)
Thirteen Mile (THM)
West Br. Sante (WBS)
Site
Beaver (BEC)
Bart (BTC)
North Bear (NBR)
Otter Siding Rd (OSR)
Thirteen Mile (THM)
West Br. Sante (WBS)

Width
(m)
2.4±0.6
2.5±0.7
3.8±1.0
2.6±0.7
2.5±0.6
3.5±1.0
Width
(m)
3.2±0.9
2.8±0.9
5.2±1.4
3.7±0.9
2.3±0.6
3.3±0.8

D16
(mm)
0.16±0.08
2
0.15±0.10
2
0.15±0.12
2
0.21±0.14
2
0.12±0.08
5
0.10±0.09
12
2015/2017
D16
Depth (m)
(mm)
0.14±0.09
2
0.12±0.07
2
0.23±0.17
2
0.26±0.19
2
0.13±0.10
2
0.14±0.12
15
Depth (m)

D50
(mm)
9
6
28
11
40
36

D84
(mm)
36
30
72
27
83
85

Fine Substrates
(%)
40±12
20±3
30±9
49±17
16±2
23±7

D50
(mm)
7
21
31
2
39
43

D84
(mm)
43
65
53
15
72
87

Fine Substrates
(%)
31±11
25±3
35±7
65±41
26±18
27±10

Estimates of substrate heterogeneity were variable among the sites and between the
sampling periods but no major change occurred from 2001 to 2015 (t5 = 0.39, p = 0.72).
In 2001 and 2015, substrate heterogeneity was high in BEC and low in THM (Table 3.3).
Other sites with high substrate heterogeneity in 2001 and 2015 were BTC and OSR,
respectively. Sites with low substrate heterogeneity differed in 2001 (WBS) versus 2015
(NBR). The gradation coefficient was similar between the two sampling periods (t5 =
1.65, p = 0.16), and was lowest in WBS for both sampling periods while the highest
occurred for NBR in 2001 and THM in 2015 (Table 3.3). There also did not appear to be
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a trend in substrate heterogeneity and gradation coefficient changes through time. From
2001 to 2015, BEC and OSR increased in substrate heterogeneity, while the remaining
sites decreased, while the values of gradation coefficient increased from 2001 in all sites
except WBS (Table 3.3).
Table 3.3. Otter River Watershed study site metrics of complexity from 2001 (upper,
from Burgess 2008) and present-day sampling (lower). Substrate heterogeneity and
gradation coefficient are derived from pebble count data. CV (coefficient of variation) for
width and depth, and width:depth ratio are all from survey data.
Site
Beaver (BEC)
Bart (BTC)
North Bear (NBR)
Otter Siding Rd (OSR)
Thirteen Mile (THM)
West Sante (WBS)
Site
Beaver (BEC)
Bart (BTC)
North Bear (NBR)
Otter Siding Rd (OSR)
Thirteen Mile (THM)
West Sante (WBS)

2001
Substrate
Gradation
Heterogeneity
Coefficient
4.0
4.3
6.0
4.0
2.6
8.3
2.5
4.0
2.1
5.0
2.4
2.7
2015/2017
Substrate
Gradation
Heterogeneity Coefficient
6.1
4.8
3.1
6.8
1.7
8.6
7.5
4.3
1.8
10.7
2.0
2.4

CV
Width
30.8
23.0
28.2
27.7
24.7
28.9

CV
Depth
61.9
51.1
80.7
68.8
66.4
91.5

Width:Depth
Ratio
15.0
16.7
25.3
12.4
20.8
35.0

CV
Width
29.0
34.6
27.7
20.6
27.3
20.7

CV
Depth
64.3
58.3
73.9
73.1
76.9
85.7

Width:Depth
Ratio
22.1
21.7
20.4
13.1
16.9
20.7

Percent fine substrates from bulk shovel samples varied both spatially and temporally in
the Otter River Watershed sites (Table 3.2) although values in 2001 (mean 30 ± 14%)
were not significantly different from those in 2015 (mean 35 ± 22%) (t17 = 0.72, p =0.48).
Percent fine substrates ranged from 16 ± 2% to 49 ± 17% in 2001 and from 25 ± 3% to
65 ± 41% in 2015. THM had the lowest percent fine substrates and OSR had the highest
in 2001. However, during the more recent sampling, the BTC streambed had the lowest
percent fine substrate while OSR had the highest. Change in percent fines ranged from a
9% decrease in BEC to a 16% increase in OSR (mean change: 5%), indicating little
change in these sites over the 14 year period.
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Large Wood
The volume of large wood differed within and among sites during sampling. When
considering the differences between sampling periods no significant change in mean
volume from 2001 (0.015±0.011 m3 m-2) and 2017 (0.012±0.009 m3 m-2) was detected (t5
= 0.67, p = 0.53). However, four of the sites decreased (mean decrease of 34%), with the
largest decrease in NBR (73%) and BEC (63%; Figure 3.2). In contrast, relative wood
volume increased by nearly 200% in OSR (198%) and 50% in WBS. OSR was the only
site where beaver (Castor canadensis) activity was detected and it had the highest
volume of large wood (0.028 m3 m-2) in 2017 (Figure 3.2). In 2001, the largest volume of
large wood (0.035 m3 m-2) was measured in BEC and the lowest (0.004 m3 m-2) was in
WBS (Figure 3.2). Wood volumes in the remaining four sites ranged from 0.008 – 0.018
m3 m-2. Volume of large wood was also low (<0.005 m3 m-2) in NBR, THM and WBS in
2017 (Figure 3.2). Volume of large wood in BEC and BTC were similar in 2017 (0.0130.014 m3 m-2), but less so in 2001.

Figure 3.2. Large wood volume (m3 m-2) from Burgess (2008) sampling (black bars) and
our sampling (gray bars) of Otter River Watershed, MI sites.
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The mean number of large wood pieces encountered in each 100 m long site decreased
from 2001 (42±24 pieces) to 2017 (20±12 pieces) (t5 = 3.12, p = 0.03; Figure 3.3). The
decrease in large wood abundance ranged from 13% in THM to 82% in NBR, with a
mean for all sites of 45% (Figure 3.3). For both periods, large wood abundance was
highest in BEC (Figure 3.3). The sites with the lowest abundance of large wood were also
similar from 2001 and 2017. In 2001, THM and WBS each contained 15 pieces per 100
m, while in 2017, THM decreased to 13 pieces per 100 m and WBS to 11 pieces per 100.
We did not observe a clear trend when comparing the time since most recent logging
adjacent to sites or within their catchment (Table 3.1) to changes in relative wood volume
or wood abundance between the two sampling periods (Figure 3.4).

Figure 3.3. Large wood abundance from Burgess (2008) sampling (black bars) and our
sampling (gray bars) of Otter River Watershed, MI sites.
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Figure 3.4 How large wood volume (A) and abundance (B) changed in relation to time
since most recent logging occurred adjacent or within the catchment of Otter River
Watershed, MI sites.
The mean diameter of large wood was similar between the two sampling periods and
ranged from 0.19 - 0.28 m in 2001 and 0.16 – 0.25 m in 2017 (Figure 3.5). From 2001 to
2017 the diameter of the largest wood decreased as well as variation in diameters
measured (Figure 3.6). The mean diameters decreased in all sites except for WBS, which
increased (Figure 3.5). However, NBR and OSR were the only sites where mean changes
decreased significantly (Figure 3.5; t5 = 3.12, p = 0.03 for both). The maximum diameter
in 2001 was 0.90 m in BTC, while in 2017, the maximum diameter measured was in BEC
at 0.66 m (Figure 3.6).

42

*

*

Figure 3.5. Mean ± standard deviation for large woody material diameters from Burgess
(2008) sampling (black bars) and our sampling (gray bars) of Otter River Watershed, MI
sites. Asterisks indicates significant change (p<0.05).

B

A

Figure 3.6. Box plots for large woody material diameters in six tributaries of the Otter
River Watershed, MI based on surveys in (A) Burgess (2008) and (B) 2017. Box
boundaries and middle line represent 25th, 50th, and 75th percentiles, respectively.
Whiskers are the 10th and 90th percentile, and points are individual outliers.
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Channel Morphology
Similar to the pattern detected for substrates, the overall channel morphologies of these
sites apparently change little over the 14 year period. In 2001, mean channel widths
ranged from 2.4 ± 0.6 in BEC to 3.8 ± 1.0 in NBR, and when resampled in 2017, channel
widths ranged from 2.3 ± 0.6 in THM to 5.2 ± 1.4 in NBR (Table 3.2; Figure 3.7), with
significant increases detected for BEC (t26 = 4.16, p = <0.01), NBR (t18 = 4.07, p = <0.01)
and OSR (t16 = 5.31, p = <0.01). Mean channel depth was greatest in OSR for both
sampling periods (2001: 0.21 ± 0.14, 2017: 0.26 ± 0.19), and it was lowest in WBS (0.10
± 0.09) in 2001 and BTC (0.12 ± 0.07) in 2017 (Table 3.2; Figure 3.7). Between 2001
and 2017, significant decreases in channel depth occurred for BTC (t90 = 4.47, p =
<0.01), while depths increased in NBR (t94 = 3.83, p = <0.01) and WBS (t139 = 2.38, p =
0.02). Maximum channel depth in 2001 ranged from 0.3 – 0.6 m, and 0.44 – 1.03 m in
2017, respectively, and OSR was the deepest during both sampling periods. Width:depth
ratio averaged 20.9 ± 8.2 in 2001 and 19.5 ± 3.5 in 2017 and were not significantly
different (t5 = 0.54, p = 0.61). OSR had the narrowest channel width relative to depth in
2001 and 2017 (Table 3.3), and NBR and BEC had the widest channels relative to depth
during these periods (Table 3.3). The coefficient of variation (CV) of widths shifted
between the two sampling periods, but the differences were not significant (t(5) = 0.19, p
= 0.85). BTC went from having the smallest CV for width in 2001 to the largest in 2017
(Figure 3.8). In 2001, BEC had the largest CV of width and in 2017 OSR had the smallest
(Table 3.3). Across all sites, CV for channel depth was similar between the two sampling
periods (t5 = 0.69, p = 0.52), and WBS had the largest CV and BTC had the smallest CV
of channel depth (Figure 3.7).
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Figure 3.7. Mean ± standard deviation for channel width and depth from Burgess (2008)
data (black bars) and our sampling (gray bars) of Otter River Watershed, MI sites.
Asterisks indicates significant change in channel width or depth (p<0.05).

A

B

C

Figure 3.8. Coefficient of variation for (A) channel depth and (B) channel width, along
with (C) channel width:depth ratios from 2001 (Burgess 2008) and 2017. Black lines
connect sites over time and illustrate changes that have occurred between sampling
periods.
Differences Between Sampling Periods
The results of the NMDS mostly support the single variable analyses above that showed
little change in substrate characteristics and channel morphology (e.g. CV Width). Based
on the results of the NMDS, many of the sites did not differ considerably from 2001 to
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2015/2017 in multidimensional space, and there does not appear to be a uniform temporal
change in the direction or extent of change in large wood volume in the tributaries from
2001 over the 14 years between sampling (Figure 3.9). In the NMDS, WBS and OSR
changed the most from 2001, and these sites had the smallest and an intermediate volume
of large wood, respectively. OSR had the greatest change in wood volume (198%
increase), but WBS changed relatively little compared to other sites (Figure 3.2). NBR
had a similar relatively volume of large wood to OSR in 2001 (Figure 3.2) as well as the
second greatest change in volume (73% decrease), and yet was the site with the greatest
similarly (i.e. shortest distance) in the ordination between 2001 and 2015/2017 (Figure
3.9).

Figure 3.9. Non-metric multidimensional scaling (NMDS) illustrating temporal dynamics
of physical channel features of tributaries in the Otter River Watershed from 2001 (black
circles) to 2015/2017 (white circles). Variables used in the ordination included:
Coefficients of Variation (CV) of channel width and depth, width:depth ratio, D16, D50,
and D84 from pebble counts, and volume of large instream wood.
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3.5 Discussion
Hardwood forests adjacent to all six of these northern Great Lakes 2nd order headwater
tributaries had been selection logged at least once within the last 35 years (mean: 24
years; range: 15-35 years since log removals) and additional logging in their catchments
has occurred for at least two tributaries (BEC: 15 years, NBR: 3 years). Since 2001, large
wood abundances has decreased in all the sites (Figure 3.3), and volume has decreased
substantially in four of the sites (Figure 3.2), yet we found that their dominant features of
streambed substrate composition and channel morphologies were remarkably unchanged
during the 14 years between surveys. We also did not identify a trend between the time
since most recent logging and changes in wood volume or abundance (Figure 3.4). We
predicted that greater stability in substrate composition and channel morphology would
occur in tributaries with the greatest amount of instream wood, yet no such relationship
was detected (Figure 3.9). It may be that relative wood volumes are too low in these sites
to have a major influence on the channels and that other local and/or landscape factors
are controlling the physical characteristics (e.g. substrates and channel morphology) of
these tributaries, or that the temporal and/or spatial scale of this study is too small to
reveal these relationships.
Because BEC, BTC, and NBR had the highest wood volumes in 2001 (Figure 3.2), we
predicted they would have the most stable channel characteristics and streambed
substrates indicated by the lowest changes in substrate composition (e.g. D50), coefficient
of variation of width and depth, and width:depth ratio. BEC and NBR were sites with
some of the lowest change in CV of width and depth (Figure 3.8), and substrate
composition (Table 3.2, Table 3.3), but other sites with less wood (i.e. OSR, THM, and
WBS) also exhibited little change in these metrics. Further, BTC had abundant instream
wood and displayed the greatest change in CV of width over 14 years (Figure 3.8), which
is contrary to what would be expected under this scenario.
Substrate heterogeneity and gradation coefficient also did not follow the expected trends
based on our assumptions. Despite BEC having the largest wood volume in 2001 and
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losing >50% of large wood (both volume and abundance) by 2017, substrate
heterogeneity and gradation coefficient both increased. In comparison, BTC and NBR
lost >30% and >60% of wood volume and abundance, respectively, but decreased in
substrate heterogeneity (Table 3.3). The use of substrate heterogeneity, in particular, may
not have been an appropriate metric for describing substrates in these sites because
increased heterogeneity does not necessarily correspond to coarser substrates. For
example, OSR increased in fine sediment between 2001 and 2015 based on pebble count
percentiles (i.e. D16, D50, D84) and percent fine estimates (Table 3.2), yet also had the
greatest increase in substrate heterogeneity (Table 3.3).
Undisturbed forests intercept precipitation and allow it to infiltrate the soil and transpire
or evaporate before reaching a stream (Moore and Wondzell 2005), which stabilizes
stream flows by increasing the time between when a storm occurs and a resultant increase
in stream discharge (Jones 2000). Forestry management practices such as logging have
been associated with reduced wood recruitment (Nowakowski and Wohl 2008), which is
linked to decreased stream channel stability (Bilby 1984) and increased fine sediment in
streams (Rashin et al. 2006). These watershed disturbances can have long term influences
on smaller streams, particularly in higher gradient systems (May and Gresswell 2003).
The infrastructure used for modern forestry operations (e.g. roads, skid tracks) can also
lead to erosion (e.g. Pacific Northwest; Hassan et al. 2005), and combined with
temporary increases in water yield after harvest can lead to additional channel erosion
and sediment delivery to streams. Harvesting trees as well as the infrastructure needed to
carry out these operations (e.g. trails and roads) can increase overland flow and result in
flashier streams following storm events as well as increased erosive and transport
capacity of sediments within streams (Moore and Wondzell 2005). Negative impacts of
logging on stream habitat was noted in an earlier study of these same Otter River
watershed tributaries, in which a striking association was detected between brook trout
abundance, aquatic macroinvertebrate composition, as well as the amount of fine
sediment, relative to the number of years since the adjacent forests were last selection
logged (VanDusen et al. 2005). Despite these prior findings and observing decreased
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wood in nearly all our sites, we did not observe a trend between logging history and
changes in large wood (Figure 3.4). This raises an important question regarding why we
did not observe the predicted pattern between large wood and channel morphology and
substrates.
Stream channels adjust to disturbances such as changes in sediment, wood, and water
inputs, (Heitmuller 2014) and it may be that disturbances in the Otter River Watershed
during this 14 year period have not been severe enough to push these systems out of
equilibrium or there was not sufficient variation among the sites to detect. Typically,
channel adjustment occurs on temporal scales ranging from decades to centuries (Beechie
et al. 2006), and anthropogenic disturbances (e.g. dams) can change this frequency
(Kloehn et al. 2008). It may be that on this relatively short time scale these sites have yet
to adjust or have reached some alternative stable state (see Scheffer et al. 2001, Livers et
al. 2018) outside of what would occur in an unlogged watershed. Given that the Otter
River watershed is managed for timber on an approximate 10-20 year logging rotation
(Pedersen 2006, Brad Carlson Michigan DNR, personal communication, 04/10/2020), it
is possible that these sites are being maintained in disturbed conditions because not
enough time passes between subsequent harvesting to return to a prior undisturbed state
(Andrus et al. 1988, Merten et al. 2010b) or simply that the temporal scale of this study
was too short to observe these changes (Hasting et al. 2018). One potential outcome of
the logging frequency in these Otter River Watershed sites is fewer larger diameter wood,
as indicated by fewer outliers and pieces >0.4 m in diameter for 2017 and the difference
between the 10th and 90th percentiles for diameters being smaller in 2017 (Figure 3.6). It
may be that the forests that supply wood to these streams are moving towards an
alternative stable state characterized by smaller diameter trees.
The pattern of lower volumes of large wood as well as instream wood with smaller
diameters across these six Otter River Watershed tributaries may be a general result
occurring elsewhere in the region. The volume of wood found in these sites is within the
range of what Cordova et al. (2007) and Morris et al. (2007) observed in streams in
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secondary growth forested watersheds in the western Upper Peninsula, Michigan, and
what Johnson et al. (2003) observed in 35 reaches (across 12 streams) in Michigan and
36 streams in Minnesota (Table 3.4).
Table 3.4 Summary of large wood characteristics in forested rivers from studies
throughout North America and this study. ** Minimum size 0.3m diameter, 3.0 m length.
Study
Cordova et al. 2007
Johnson et al. 2003
Morris et al. 2007
Robison & Beschta 1990
Stewart et al. 2012
Beechie & Sibley 1997
Benda & Bigelow 2014
Reeves et al. 1993
Burgess 2008
Otter River Sites

Location
MI
MI
MN
MI
AK
AL
WA
CA
OR
MI
MI

Wood
Abundance
(#/100m)
33 ± 3
13 ± 9
25 - 41
35 ± 25
5 - 66
0.5-12**
15 - 77
9 - 36

Mean Wood Volume (m3/m2)
0.009
MI: 0.002 (Range: 0-0.031)
MN: 0.002 (Range: 0-0.012)
0.066
0.016 (Range: 0.001-0.066)
0.030 (Range: 0.001-0.106)
0.015 (Range: 0.004-0.035)
0.011 (Range: 0.004-0.028)

Mean Wood
Diameter
(m)
0.18
0.16 - 0.43
0.20 ± 0.10
0.22 - 0.38
0.18 - 0.43
0.19 - 0.24
0.10 - 0.24

Large wood abundance in our sites is also similar to streams in the upper Great Lakes and
elsewhere in the US (Table 3.4). Our estimates for large wood abundance are within the
ranges observed by Morris et al. (2007) and Cordova et al. (2007) in other watersheds
located in Michigan’s Western Upper Peninsula (Table 3.4). Even streams in old growth
forested regions have similar abundances of large wood (19 ± 5 pieces per 100 m; Morris
et al. 2007) to what we measured, however, the volume in these streams are nearly 5x
that of nearby secondary growth forested streams (Morris et al. 2007) indicating the
individual pieces or the jams were larger. Robison and Beschta (1990) and Stewart et al.
(2012) observed similar large wood abundances, ranging from 25 – 41 pieces per 100 m
in Alaska and Alabama, respectively. In the Pacific Northwestern US, Beechie and Sibley
(1997) observed a wide range of large wood abundances (5-66 pieces per 100 m) in
streams with similar gradients (<0.02) to our Otter River Watershed sites. In unmanaged
forested streams, volumes of large wood are often greater than in streams located in
managed forests. Harmon et al. (1986) compiled data from 11 studies across six states
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and Canada and found > 40% of reaches in unmanaged forests (stand age: 85-1000 years)
having large wood volumes of 0.05 m3/m2, with a maximum of 0.45 m3/m2.
The retention of instream wood is partially determined by the mass of the wood, which
scales with its length and diameter (Merten et al. 2011). Mean large wood diameters
measured in the Michigan sites in this study (0.19 ± 0.09 m) were similar to those
observed by Cordova et al. (2007) and Morris et al. (2007) in Michigan’s Western Upper
Peninsula (Table 3.4). In addition, Cordova et al. (2007) measured a maximum wood
diameter (0.67 m) very similar to what we encountered in the Otter River Watershed sites
(0.66 m). Similar results have been observed in the Southeastern United States (Steward
et al. 2012), as well as in the Pacific Northwest (Beechie and Sibley 1997) and California
(Benda and Bigelow 2014; Table 3.4). However, many western streams contain much
larger wood. For example mean diameters in some of the sites that Beeche and Sibley
(1997) and Benda and Bigelow (2014) sampled were nearly 2 times larger than the
diameters we measured in this study, while unmanaged forested streams can contain
mean diameters >4x that of what was found in our sites (Benda and Bigelow 2014).
Selection logging has been documented to negatively impact some forested streams. A
long-term study in northern California showed suspended sediment loads returned to prelogging levels about a decade after being cut, but increased again over 30 years after
being cut as a result of deteriorating roads (Keppeler et al. 2009). VanDusen et al. (2005)
found in these same tributaries in the Otter River Watershed that those logged within 10
years had higher amounts of fine sediment than those with 10+ years since logging.
Kasran and Nik (1994) noted a nearly 300% increase in suspended sediment two years
post logging, followed by a return to pre-logging levels by year three in Malaysia.
Wright et al. (1990) assessed the effect of selection logging as well as the road
construction associated on streamflow following storm events in a small (4 km2)
watershed in northwestern California. Following logging activities (~15% of the
watershed), lag times between storms and peak streamflow decreased by ~1.5 hr, which
increased the volume and peak of very small storms, but had negligible effects during
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large storms, concluding that selection logging may not have significantly negative
impacts on streamflow.
In this study we did not detect a relationship between instream large wood and stability in
substrate composition or channel morphology in 2nd order headwater tributaries in the
Otter River Watershed. The volume and abundance of large wood decreased within a
majority of these sites, as well as the proportion of larger diameter wood (e.g. >0.5 m)
since they were sampled in 2001 by Burgess (2008). This may suggest that under the
current harvesting regime, there may not be enough instream large wood to detect a
pattern between wood and substrate or channel morphology. Additionally, streams in the
Otter River watershed may be in an alternative stable state or in a transient equilibrium
like state after the most recent logging. Recurring disturbance from rotational selection
logging could limit the amount and size of large wood available for recruitment and add
to other perturbations that occur on the landscape to maintain these sites in a disturbed
state. If management of similar forested upper Great Lakes streams is to be successful,
the target conditions need to consider the constraints that are imposed by past and present
management practices as well as a more comprehensive understanding of what controls
the physical conditions of these streams.
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4

Associations between large wood and streambed
complexity in headwater streams in the western
Upper Peninsula, Michigan.

4.1 Abstract
Complexity is an important feature to fluvial ecosystems. In forested streams, large wood
can indirectly and directly contribute to the complexity that support biota. In this study
we quantified large wood and channel morphology in six forested streams of the western
Upper Peninsula and used variograms to describe the complexity in stream channel
morphology. Our goal was to determine if a connection exists between the volume and
amount of instream large wood and the complexity of the channel streambed. Based on
previous work, we expected a positive relationship between large wood and channel
complexity. Large wood volumes ranged from <0.01 m3m-2 to >0.10 m3m-2, and the sites
visually align into three groups based on overall complexity in channel morphology.
However, this complexity as derived from variograms did not show a trend with the
volume of large wood present in the stream channel. The two sites with the lowest
volume of wood had the highest complexity in channel morphology, but the opposite did
not hold true for sites with the greatest volume of wood. Our findings may be a result of
large wood in these streams being relatively smaller and in lower abundance than for
streams where the majority of research has occurred in the western US. In addition, there
may be other underlying landscape and environmental features that influence the
morphological complexity in these streams.

4.2 Introduction
Rivers are complex systems that are often categorized into discrete features at spatial
scales ranging from micro-habitats based on streambed sediments up to the whole river
system (Frissell et al. 1986). Within that range are critical distinctions at the channel
geomorphic unit (CGU) scale (e.g. 100-101 m), and complexity at that level along with
substrate composition are considered important features of rivers, such as those with
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more diverse habitat may support greater diversity for invertebrates (Beisel et al. 2000,
Brown 2003) and abundance of some life stages of fish (Roni et al. 2008). The
availability of specific habitat and its spatial arrangement can determine or influence
community structure and dynamics of flowing ecosystems (Palmer et al. 2000).
Complexity alters downstream fluxes of water by slowing and diverting flow and results
in more complex channel forms having greater hyporheic exchange (Buffington &
Tonina 2009) and longer transient storage times. This has implications for ecosystem
processes such as biogeochemical cycling (Gooseff et al. 2007, Kaufmann and Faustini
2012) and organic matter retention (Sheldon and Thoms 2006, Diez et al. 2000). For
biota, particularity invertebrates, more heterogeneous habitats are thought to increase
niche availability, leading to higher species abundance and richness (Beisel et al. 2000,
Boyero 2003). In more heterogeneous river systems such as those with beaver activity,
disturbances such as intermittent drought can have a lesser impact because water stored
by beaver dams during wet seasons is released during dry periods (Hood & Bayley 2008).
Wohl (2016) and Faustini and Jones (2003) suggested large wood is an important
component of rivers that influences and contributes to the morphological complexity.
Wood influences channel morphology (Keller and Swanson 1979) and has been
associated with greater geomorphic complexity (Abbe and Montgomery 1996, Wohl
2011) such as the spacing and number of pools (Montomery et al. 1995, Beechie and
Sibley 1997, Gurnell and Sweet 1998). However, these relationships are complex and not
necessarily universal because they depend on factors such as wood stability (Abbe and
Montgomery 2003), size of wood available to the channel, and channel size (Robison &
Beschta 1990, Buffington et al. 2002).
Rivers throughout the United States have been disrupted through the removal of large
wood (Wohl 2014), which can reduce channel stability (Bilby 1984) and simplify channel
morphology, thus decreasing heterogeneity (Collins et al. 2012). As a result, many
restoration projects add wood back to streams (Palmer et al. 2010), and there has been
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some success in increasing morphological complexity (Brooks et al. 2004) and habitat
availability (Gerhard and Reich 2000). For example, in a wood addition study in the
Western Upper Peninsula, Michigan, total annual coarse benthic organic matter storage
was relatively low after one year (~4%), but increased to ~15% by year two, indicating a
gradual increase over time (Entrekin et al. 2008). In addition, overall change in
macroinvertebrate production was stream and habitat dependent, which may have been
influenced by the short sampling period (Entrekin et al. 2009). For example, in a wood
addition study in the Western Upper Peninsula, Michigan, total annual coarse benthic
organic matter storage was relatively low after one year (~4%), but increased to ~15% by
year two, indicating a gradual increase over time (Entrekin et al. 2008). In addition,
overall change in macroinvertebrate production was stream and habitat dependent, which
may have been influenced by the short sampling period (Entrekin et al. 2009). Davidson
and Eton (2013) modeled the effects of differing wood volumes in an intermediate-sized
channel and found that wood additions increased morphological heterogeneity by
promoting the storage of sediments important for fish spawning and increased the
frequency of pools and variability in cross-channel depth. However, the strength of these
relationships between instream wood and channel heterogeneity are likely dependent on
other landscape and environmental factors.
Although simply adding wood to rivers has not necessarily increased channel complexity
(Roni et al. 2015), as new methods of sampling are developed it is worth reconsidering
how wood and channel complexity are related. There continues to be a need to identify
these complex relationships and understand their variability across forested rivers,
especially those in upper Great Lakes that are not as well studied as rivers in the western
US (Cordova et al. 2007), where much of the understanding about wood in rivers comes
from (Wohl 2017).
If restoring heterogeneity is the goal of a particular project, then the way heterogeneity or
complexity is quantified needs to be considered (Cooper et al. 1997). There are several
ways in which complexity can be quantified in rivers including metrics related to
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velocity/flow, the size and spatial arrangement of substrates, and the longitudinal, lateral,
and planform morphology of rivers (see Wohl 2016). Many studies have focused on and
report mean values to characterize the abiotic conditions in rivers, and some suggest that
the variance in data should be used rather than means (Palmer et al. 1997). This is
because variance might indicate which factors are most important for causing observed
patterns, the changes in variance at different scales may reveal the heterogeneity of a
system, and variance can show appropriate domains for sampling a particular
environmental factor (Palmer et al. 1997). Along with a need to understanding
heterogeneity, it has been argued that simply quantifying the amount of large wood and
the number of CGUs does not provide enough information to make meaningful habitat
management decisions (Ralph et al. 1994, Buffington et al. 2002), and that considering
on a continuum may be more appropriate (Legleiter 2014a).
One potential tool for this assessment are variograms, which are models used in
geostatistics to quantify the dissimilarity between data as a function of distance between
measurements (Goovaerts 1997). They describe the spatial dependence among data
points and determine at what distance between two individual data points the values are
no longer correlated. For example, considering how the spatial autocorrelation of channel
topography differs among streams or following restoration (Legleiter 2014b). In general,
as the distance between points increases, so does the variability between values such that
measurements closer to each other in space tend to be more similar. Variogram modelling
has previously been used in terrestrial ecosystems to characterize the heterogeneity of
vegetation cover from normalized difference vegetation index imagery at the landscape
scale (Garrigues et al. 2006). Variograms have been used to characterize the distribution
of fish throughout a network of headwater streams (Ganio et al. 2005), the spatial
variability of river flow (David et al. 2013, Chiverton et al. 2015), as well as to compare
channel morphology among reaches (Chappell et al. 2003, Legleiter 2014b). Variograms
are defined as half the average squared difference of all measurements (e.g. elevation)
that are separated by a particular lag vector and represented by the following equation
(Goovaerts 1997):
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2(3)

1
𝛾(ℎ) =
) [𝑧(𝑢- ) − 𝑧(𝑢- + ℎ)]1
2𝑁(ℎ)
-45

Where ℎ is the lag vector that separates pairs of measurements (z) at the locations 𝑧(𝑢- )
and 𝑧(𝑢- + ℎ). Finally, 𝑁(ℎ) is equal to the number of pairs at the given lag distance.
Theoretically, at a lag distance of zero the variance should also zero, however there are
circumstances for variograms where this is not true (i.e. 𝛾(0) > 0), which is called a
nugget effect (Figure 4.1, Isaaks and Srivastava 1989). The nugget represents either
variability in the data that occurs below the sampling scale or errors in the measurements
(Goovaerts 1997). At some lag distance (h), measurements are no longer correlated. This
point is called the sill and represents the total variance of the data (Figure 4.1). The lag
distance at which the sill is reached is called the range and represents the maximum
spatial scale at which data are correlated (Figure 4.1). Spatial dependence can relate to
the heterogeneity of a system by considering the range and sill of the variogram. A higher
sill and shorter range indicate a more heterogenous dataset (more overall variability in the
data, and data points that are correlated over relatively short spatial scales) while a lower
sill and longer range indicate a less heterogenous dataset (less overall variability and
correlated over relatively longer spatial scales).

Figure 4.1. Theoretical variogram showing sill, range, and nugget effect.
In this study we sought to characterize the amount of large woody material and develop
variograms based on longitudinal and lateral channel morphology as an estimate of
spatial complexity in selectively logged forested rivers in Michigan’s western Upper
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Peninsula. We then compared the spatial complexity to the volume of instream large
woody material in each of the rivers to evaluate if there were potential associations
between large wood and streambed morphology. If an association between this estimate
of channel complexity and large wood in these rivers is found, it could be a useful tool to
guide management as wood additions are often part of projects aimed at restoring or
maintaining habitat (e.g. pools and other erosional habitat).

4.3 Methods
Study Sites
The Otter River watershed is located in the western Upper Peninsula, Michigan and
drains ~465 km2 of mostly forested landscape (USDA-NRCS 2008; Figure 4.2). The
forested regions are characterized by northern hardwood species (e.g. sugar maple, Acer
saccharum) with tag alder (Alnus rugosa) being common along streams (VanDusen et al.
2005). Including parts of Baraga, Houghton, and Ontonagon counties, the soils range
from moderately to well drained sandy loams or loams (Schwenner 1991). From the
middle 1800s until approximately 1935, 50% of the forests in parts of the upper Great
Lakes region, including those in the Otter River Watershed, were cut (Leatherberry and
Spencer 1996), which, along with the development of roads resulted in sedimentation in
streams (Verry and Dolloff 2000). Since 1987, best management practices (BMP) for
harvesting suggest maintaining a minimum 30 m buffer around the streams (MI-DNR
2018). Although these local BMPs do not dissuade harvesting within the buffer zone of
the channel as long as the water quality functions within this region are maintained, and
there is “little chance of significant soil disturbance, no chance of water sedimentation,
and only select trees are being removed” (MI-DNR 2018).
Six second-order tributaries of the Otter River distributed within the Otter River
watershed were selected based on previous research in the region (Figure 4.2; VanDusen
et al. 2005, Burgess 2008). Thirteen Mile Creek (THM) and West Branch Sante (WBS)
are located in the Sante sub-watershed, Bart Creek (BTC) and North Branch Bear (NBR)
65

are located in the North Branch Otter sub-watershed, and Beaver Creek (BEC) and Otter
Siding Road (OSR) are located in the West Branch Otter sub-watershed. The tributary
drainage areas range from ~3-12 km2 of selectively logged forest underlain by a mixture
of fine and coarse textured glacial and lacustrine material. In each of the tributaries, a
100-m long site was identified based on previous research (Burgess 2008). These sites
were comprised of multiple CGUs with slopes ranging from 0.5-1.7% and mean channel
widths and depths ranging from 2.2-4.9 m and 0.12-0.25 m, respectively (Table 4.1).

Figure 4.2. Map of study sites in Otter River Watershed, Michigan. Circles are the
downstream boundary of each site. BEC = Beaver Creek, BTC = Bart Creek, NBR =
North Branch Bear Creek, OSR = Otter Siding Road, THM = Thirteen Mile Creek, WBS
= West Branch Sante Creek. Dark gray shaded areas represent the catchment area for
each site. Light gray shaded area is the Otter River Watershed.
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Table 4.1. Otter River Watershed tributary site characteristics. Channel widths and depths
were measured in 2015/2017 and are reported as mean ± standard deviation.
Drainage Channel Channel
Channel
Site
area
Slope
Width
Depth
(km2)
(%)
(m)
(m)
Beaver (BEC)
10.0
0.95
3.2±0.9
0.14±0.09
Bart (BTC)
3.1
1.46
2.8±0.9
0.12±0.07
North Branch Bear (NBR)
12.4
0.66
5.2±1.4
0.23±0.17
Otter Siding Road (OSR)
11.0
0.49
3.7±0.9
0.26±0.19
Thirteen Mile (THM)
9.6
1.19
2.3±0.6
0.13±0.10
West Branch Sante (WBS)
8.8
1.71
3.3±0.8
0.14±0.12

Field Survey Methods
A topographic survey of each site was conducted using a Leica TS11 total station (Leica
Geosystems) and used to characterize channel morphology. All sampling occurred from
August – October 2017. Starting at the downstream boundary of each site, the latitude,
longitude and elevation (z) were measured for points throughout the sites and referenced
to the local coordinate system using previously established benchmarks. We more closely
spaced points in areas of greater topographic relief while those of lower relief were more
spread out. Overall point spacing for each survey ranged from 1.0 – 2.1 points/m2.
All large woody material, defined as having a diameter ≥10 cm and length ≥1 m (Gurnell
et al. 2002), was surveyed in each of the sites. Throughout each study site, the end
locations of each piece of large wood were measured using the total station, and the
diameter was measured at the midpoint to the nearest 0.01 m using a meter stick. Volume
of large wood was quantified by treating the logs as a cylinder. Some of the sites
contained wood jams comprised of numerous pieces of large (as defined above) and
small wood. For these features the perimeter of the jams were measured using the total
station to produce a polygon representing the surface area, which was multiplied by the
average water depth at these locations to approximate jam volume. In addition to
quantifying total volume of large wood in each site, we standardized wood volume by
channel area to facilitate comparison across sites (i.e. LWD m3/m2).
67

A Wolman pebble count (Wolman 1954) was performed in each of the tributaries to
characterize overall substrate composition. Starting at the downstream boundary of the
site, individual substrate particles were indiscriminately pulled from the streambed and
measured with calipers along their intermediate axis to the nearest 1 mm. Particles were
collected while moving upstream in a zig-zag path between the wetted width of the
stream until >150 individual substrate particles were measured throughout the length of
the site. Any sand encountered was classified as such and assigned a diameter of 2mm,
which represents the upper size limit for sand (Wentworth 1922). From these data,
median (D50) and 84th percentile (D84) substrate diameters were quantified
Geostatistical Analysis
All geostatistical analysis was done in Matlab using code developed and shared by C.
Legleiter (U.S. Geological Survey) and P. Kyriakidis (Cyprus University of Technology).
The meandering nature of natural rivers make Euclidean distances unsuitable for this type
of analysis (Rathbun 1998, Legleiter and Kyriakidis 2008). Thus, the original survey data
were converted from Cartesian to a channel-centered coordinate system, where x and y
coordinates become streamwise (S) and across-stream (i.e., normal) (n), respectively
(Legleiter and Kyriakidis 2006). Briefly, this was done by (1) defining and applying a
smoothing filter to the initial curved centerline of the channel, (2) creating a splined
centerline from this data and resampling with a regular spacing, (3) determining the
normal vector and curvature at each of the vertices on the resampled centerline, and (4)
calculating the centerline distances of points within a user defined polygon (Legleiter and
Kyrikidis 2006). A trend model that accounted for channel slope, depth, and width was
used to create dimensionless variables that express distances in terms of channel widths
so that comparisons could be made between the different sized tributary sites. For
example, if mean channel width was 0.5 m, then 3.0 m of stream was equal to six stream
widths. Elevation survey data was regressed against distance downstream to account for
channel gradient, and the residuals were scaled to the average channel depth to account
for depth and channel slope (Legleiter 2014a). By transforming the data to dimensionless
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variables, we were able highlight the channel morphology while accounting for the
channel size differences among sites. These data were then used to develop variogram
models for each of the sites.
One dimensional experimental variograms were quantified for the streamwise (S) and
normal (n) directions by defining a lag spacing and tolerance, angular tolerance, and
bandwidth (Legleiter 2014a). The lag spacing and lag spacing tolerance chosen was
based on the distance between survey points, and the angular tolerance and bandwidth
determined the angle and size of the search window (Oliver and Webster 2015). For these
data, the lag spacing and tolerance were set to the average and half the average distance
between measurements, respectively, while the angular tolerances were set to 22.5o
(Deutch 2015). Finally, the bandwidths for the streamwise and normal experimental
variograms were chosen such that the lag spaced transects would not interact, and that
data for the normal search sectors would not be influenced by streamwise search sectors
(Legleiter 2014a). With the experimental variograms plotted, the model variograms in the
S and n directions were first developed by visual approximation. The type (e.g.
exponential, spherical, nugget), partial sills, and ranges for each nested model were
manually estimated and adjusted until the model visually fit the experimental variogram
reasonably well (Legleiter 2014a). These initial model parameters were optimized
through an iterative approach to minimize the difference between the experimental and
model variograms. This process involved choosing a maximum lag distance to include in
the model and applying a weight to the model fit based on the number of measurements
at each lag distance (Legleiter 2014a).
The final one dimensional streamwise and normal model variogram parameters were then
used to calculate metrics that helped characterize the spatial arrangement of channel
morphology, including the total sill (σ2), integral range A, and the dispersion variance.
These values were calculated for the one dimensional streamwise and normal models,
and for a combined two dimensional (i.e. combining the streamwise and normal models)
anisotropic variogram models. The total sill was equal to the overall variance observed in
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the survey data and was the sum of all partial sills from the nested variogram models. For
topographic survey data, a higher total sill represents greater variability in elevation,
while a lower total sill represents less variability (Legleiter 2014a). The integral range
(A) condensed all partial sills and range lengths of the nested variogram model into a
metric that represented the change in topography such that larger values of A represented
steeper elevation changes while lower values of A represented more gradual changes in
elevation. Finally, the dispersion variance represented the spatial heterogeneity within a
defined region (e.g. a 1x8 stream width rectangle) and conveys the rate that the variance
changed as a function of the region.
To aid in interpretation, the integral range and dispersion variance were also visualized as
a heat map by representing the full two-dimensional anisotropic variogram model in what
is called a variogram map (Legleiter 2014a). The variogram map shows all lag distance
values, with the x and y axis representing the streamwise and normal direction lag
distances, respectively, and the value of each pixel representing the variogram value at
that lag distance. The center location on the heat map represents a distance of zero stream
widths between points in the channel, and the cooler colors near the center (lag distances
near zero) represent low semivariance values and thus relatively little variability between
measurements at these lag distances. On the variogram map these can be thought of as
points of low elevation. Moving away from the center in any direction (i.e. increasing the
lag distance) the semivariance increases as the variance increases until eventually
reaching the sill, which is the overall variance in the data (Legleiter 2014a). Sites with
larger total sills (e.g. larger difference between the lowest and highest values) and shorter
distances away from the center of the map to reach the sill are interpreted as being more
heterogenous than sites with a smaller sill and longer distance to reach away from the
center of the map to reach the sill (Legleiter 2014a). In addition to visualizing the
dispersion variance and integral range, variogram maps show anisotropy (i.e. higher total
sill and/or range in one of the directions). Geometric anisotropy is defined by a constant
sill, but differing ranges depending on direction, while zonal anisotropy is characterized
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by different sills depending on direction being reached at the same range (Isaaks and
Srivastava 1989).
The relative heterogeneity of channel morphology for each site was visually determined
by considering the one-dimensional streamwise and normal variogram models, and the
variogram maps (which visualize the sill, integral range, and dispersion variance for the
full two-dimensional variogram model). It is important to consider not only the overall
variability in streambed morphology, but also the spatial scale (e.g. range) and direction
(streamwise versus across-stream) in which this variability is exhibited because each of
these metrics on their own do not necessarily explain heterogeneity (Legleiter 2014b).
We predicted that sites with the largest volumes of wood would also have the most
heterogenous channel morphology based on variograms. To compare each of the sites
and their relative heterogeneity, a combination of the streamwise and normal variogram
models, integral range and dispersion variance, and variogram maps were visually
evaluated.
As a step towards understanding if other reach and landscape variables (e.g. slope,
drainage area, substrates) may be associated with the complexity in channel morphology
we applied non-metric multidimensional scaling (NMDS) to the site data. With this, we
sought to understand how the river sites group based on a subset of these commonly
reported metrics to characterize rivers, and if these groupings followed what we observed
for large wood and variogram derived morphological complexity. These metrics included
standardized data for channel slope (%), drainage area (m2), substrate heterogeneity
(D84/D50; Laub et al. 2012), and mean width to depth ratio.

4.4 Results
Large Woody Material and Substrates
Total volume of instream large wood was highly variable across sites, ranging from 1.1
m3 (site THM) to 11.2 m3 (site OSR) with an average volume across all sites of 4.0 ± 3.7
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m3 (mean ± SD). When standardized by site area, OSR had the highest relative volume of
large wood (0.028 m3m-2) of which nearly all was in the form of jams. BEC contained the
next largest volume of large wood 0.013 m3m-2 with no jams. BTC had a similar relative
volume (Table 4.2), of which ~17% of the volume was in jams. NBR, THM, and WBS
had the lowest relative volumes of large wood (range: 0.004-0.005 m3m-2) and NBR was
the only site of these to contain log jams (Figure 4.3). The number of large wood pieces
and jams ranged from 9 to 36 per 100 m of river length. BEC contained the most pieces
of wood, while BTC, NBR and THM contained 35, 15, and 13 pieces, respectively. WBS
had 11 pieces of large wood, while OSR had the fewest, but also contained many
additional smaller pieces of wood (diameter < 0.1 m) in the downstream of the site as a
result of due to beaver activity.
Table 4.2. Substrate and large wood in Otter River Water sites.
Site

Pebble Count
D50 (mm)

Pebble Count
D84 (mm)

Beaver (BEC)
Bart (BTC)
North Branch Bear (NBR)
Otter Siding Road (OSR)
Thirteen Mile (THM)
West Branch Sante (WBS)

7
21
31
2
39
43

43
65
53
15
72
87
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Large Wood
Standardized
Volume (m3m-2)
0.0128
0.0129
0.0036
0.0283
0.0043
0.0054

Figure 4.3. Area standardized volume of large woody material in Otter River Watershed
sites. Black portion of bars represent volume of individual logs while gray portions
represent log jam volume. OSR contained a beaver dam in the lower part of the study
reach, which is why the majority of large wood in this site was classified as a jam. This
site also had much additional smaller (diameter > 0.1 m) wood that was not quantified.
Median substrate size (D50) based on pebble counts ranged from sand (2 mm) in OSR to
coarse gravel (43 mm) in WBS (Table 4.2). BEC was the only other site with a relatively
small D50 at 7 mm, while the remaining sites were all >20 mm. The 84th percentile (D84),
which represents one standard deviation above the mean, ranged from 15 mm in OSR to
87 mm in WBS (Table 4.2). The remaining sites all had D84 values >40 mm.
Geostatistical Results
The variance in the data (i.e. sills) and spatial scale that it occurs over (i.e. range) in the
streamwise and across stream directions varied among the study sites. In the streamwise
direction, the two sites with the lowest total sills (i.e. combination of all nested model
partial sills) also had the shortest ranges (Table 4.3; Figure 4.4). Of the six tributaries,
BEC and BTC had total sills of 0.56 and 0.48, and ranges of 1.21 and 1.31 channel
widths, respectively. WBS had the highest sill (1.09) indicating that the greatest variance
in morphology data occurred in WBS, and was ~2x that of BEC and BTC. OSR had the
longest range (5.29 stream widths), meaning that point-to-point data are related over
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longer distances than any other site, and were related for >4x longer distances compared
to the sites with the shortest ranges (i.e. BEC and BTC). In the cross channel (normal)
direction, all the streams had total sills between 0.41-0.78, except for the WBS, which
was the highest at 1.42 (Table 4.3; Figure 4.5). Similarly, ranges for five of the streams
were between 0.65-1.08 channel widths, while the WBS range was 1.82 channel widths.
Table 4.3. Total sill (σ2) and range (channel widths) from streamwise (S) and cross
channel (n) model variograms of Otter River Watershed tributaries. Variogram data
derived from channel morphology survey using a total station.
Total Sill (σ2)
Range (channel widths)
Site
S
n
S
n
Beaver (BEC)
0.48
0.41
1.31
0.65
Bart (BTC)
0.56
0.53
1.21
0.78
North Branch Bear (NBR)
0.72
0.64
1.84
1.00
Otter Siding Road (OSR)
0.77
0.78
5.29
1.08
Thirteen Mile (THM)
0.93
0.62
3.78
0.93
West Branch Sante (WBS)
1.09
1.42
3.69
1.82
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Figure 4.4. Streamwise variograms for Otter River Watershed sites derived from channel
bed morphology data from total station surveys. The y-axis represents semivariance
values while the x-axis is the lag distance between measurements in the streamwise (i.e.
longitudinal) direction. The black points in each graph represent the empirical variogram
while the black line represents the model variogram. Nugget effects (i.e. a value >0 at
zero lag distance) were observed in Otter Siding Road (OSR) and Bart Creek (BTC).
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Figure 4.5. Normal (across stream) variograms for Otter River Watershed sites derived
from channel morphology data from total station surveys. The y-axis represents
semivariance values while the x-axis is the lag distance between measurements in the
normal or across the channel (i.e. bank to bank) direction. The black points in each graph
represent the empirical variogram while the black line represents the model variogram. A
nugget effects (i.e. a value >0 at zero lag distance) was observed in Bart Creek (BTC).
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The combined results from the streamwise and normal variograms, and the variogram
maps indicate that the complexity in channel morphology of some of these sites may be
similar. The streamwise variograms from the six sites behaved as three groups based on
their total sills: (1) BEC and BTC, (2) NBR and OSR, and (3) THM and WBS (Figure
4.4), and these groupings were also represented in the variogram maps (Figure 4.6).
Nugget effects in the streamwise variograms were observed for BTC and OSR, which
had partial sills of 0.03 and 0.10, respectively. Based on the total sill, integral range, and
dispersion variance for the streamwise, normal, and full anisotropic variogram models
(Figure 4.7) and the variogram maps (Figure 4.6) all of the streams appear to have
varying degrees geometric anisotropy (i.e. higher range in one of the directions), while
BTC and OSR were the only sites that had similar sill values for the streamwise and
normal directions. Absolute differences in streamwise and normal sills ranged from 0.010.33 (Table 4.3). BTC and OSR streamwise and normal total sill did differ, but the
magnitudes were low (0.03 and 0.01, respectively), suggesting the predominant
anisotropy at these sites was geometric and that variance in data occurs over shorter
distances across than along the channel (i.e. reaching the same sill at shorter distances
across the channel than along the channel). The direction with the highest total sill also
varied among sites. Total sills higher in the streamwise direction, meaning with variance
in this longitudinal direction, occurred for BEC, BTC, NBR, and THM, while OSR and
WBS each had a higher total sill in the normal direction (i.e. across the channel). In the
streamwise direction, dispersion variance was highest for WBS (0.77) and lowest in BTC
(0.42). For the normal direction, dispersion variance was also highest for WBS (0.46) and
OSR (0.36), and lowest in BTC, NBR, THM, and BEC which ranged from 0.23-0.24.
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Figure 4.6. Variogram maps for Otter River Watershed sites illustrate how variogram
values change as the lag distance increases in the streamwise (S) and normal (n) or across
stream directions. Colors represent semivariance, with the cooler colors (e.g. blue) in the
center represent low semivariance while the warmer colors (e.g. red) are higher
variogram values and the highest values representing the sills for each site.

Figure 4.7. Total sill, integral range and dispersion variance for the one-dimensional
streamwise and across stream directions, and the full two-dimensional anisotropic
variogram for each study site in the Otter River Watershed. The total sill represents the
overall variance observed in the data, while the integral range represents the change in
topography. Finally, dispersion variance represents the spatial heterogeneity within a
defined area (e.g. the 1 stream width x 8 stream width area of the variogram maps in
Figure 4.6).
Integral range A in the streamwise direction (As) was highest for OSR at 3.0 channel
widths (Figure 4.7), indicating this site had the highest spatial auto-correlation in channel
bed morphology in the streamwise direction. THM and WBS had the next highest
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Integral Ranges at ~2.8 and 2.5, respectively. NBR had an integral range of 1.4 channel
widths, and BEC and BTC were both <1 channel width, meaning these sites have the
lowest autocorrelation in channel morphology.
Based on the variogram metrics and variogram maps, WBS and THM were the most
heterogenous channels due to having the highest total sills and dispersion variances,
respectively (Figure 4.7). However, it should be noted that for THM, some of these
variables were similar to lower heterogeneity sites (e.g. the streamwise dispersion
variance was similar to that of NBR). The next highest heterogeneity was observed in
NBR and OSR. Although OSR had a slightly higher total sill than NBR, indicating
greater variance in the data, its range was much longer in the streamwise direction, at >5
channel widths versus <2 channel widths for NBR. This difference can be conceptualized
by looking at the variogram maps as elevation plots (Figure 4.6).
WSB and THM had the biggest difference between in minimum and maximum
variogram values (i.e. total sill) based on variogram maps. Although these sites did not
have the shortest ranges, the combination of total sill, integral range, and dispersion
variance indicates these sites had the most complex channel bed morphology. NBR and
OSR had similar total sill values but the gradient moving away from the center of the
OSR variogram map was more gradual than for NBR, indicating that there was a greater
distance across which the variability was correlated. Finally, the sites with the least
heterogenous morphologies were BEC and BTC. These sites had the shortest ranges,
which alone indicate reaching dissimilarity at a short distance. However, these sites also
had the lowest variance in channel morphology based on variogram value reached at the
sill (Figure 4.7). For BEC and BTC, this was akin to a very shallow minimum or low
with short and steep gradients moving away from the center, while for example, the
variogram maps for WBS and THM each had much deeper minimum with more longer
and more gradual gradients moving away from the center (Figure 4.6).
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Non-metric Multidimensional Scaling Results
As a further step toward understanding the differences between these study sites in terms
of their physical characteristics, we applied an NMDS to a metric of substrate
heterogeneity (D84/D50 percentile from pebble counts), channel slope, catchment area,
and width/depth ratio. Compared with groupings based on the variogram maps, we
observed a different grouping of sites based on these four physical metrics, with THM,
BTC, and NBR having similarities based on the ordination (Figure 4.8). However, these
sites differed in complexity from one another, with relatively low complexity in BTC,
moderate complexity in NBR, and high complexity in THM channel morphology based
on the variograms. As with the variogram results, large wood volume does not appear to
relate to this NMDS grouping as these three sites had low to intermediate amounts of
wood (Table 4.2). The remaining sites did not appear to group based on the results of the
ordination. The differences in the variogram results and the NMDS groupings indicate
that some other landscape or environmental factor is likely driving the complexity in
channel morphology that we observed.
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Figure 4.8. Non-metric multidimensional scaling (NMDS) of substrate heterogeneity
(D84/D50), channel slope, catchment area, and average width/depth ratio for the six Otter
River Watershed sites.

4.5 Discussion
The selectively logged forested rivers in this study did have large (8-fold) differences in
the volume of large wood and the spatial complexity in stream channel morphology
based on variograms, however we did not detect relationships between these in-channels
features that we expected. We found the six study sites grouped into three different
categories of morphological heterogeneity (Figure 4.6 and Figure 4.7). In terms of large
wood volume, OSR was somewhat of an anomaly at nearly twice as much wood as the
next most abundant sites (Figure 4.3). BEC and BTC contained a similar relative volume
of wood, and the same occurred among NBR, THM, and WBS (Figure 4.3). In contrast to
how these sites grouped based on relative volume of wood, this pattern was not reflected
in the channel morphology features in Figure 4.6.
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The lack of a clear association between the amount of large instream wood and channel
complexity based on either relative downstream or normal channel morphology may be
the result of not enough wood in these sites to substantially influence channel structure.
While the methods we used estimated the volume of log jams, it is likely that the actual
volume of wood (e.g., in OSR) was overestimated because the method used to estimate
log jam volume does not account for their porosity (Manners et al. 2007). Yet, the
absolute amount of instream wood was relatively low compared to the western US, even
in the stream site with the highest volume per unit area (OSR). In unmanaged and
managed forest streams across four geomorphic regions in Northern California Benda
and Bigelow (2014) used a similar criterion for defining large wood (diameter and length
≥ 0.1m and 1.5 m, respectively) and they observed volumes ranging from 0.0013-0.1059
m3m-2, similar to the range we observed (Table 4.2) and 35% of pools identified were
formed by wood. However, six of their nine site groupings had mean large wood
diameters >2x what we observed in the Otter River Watershed (Benda and Bigelow
2014). Benda and Bigelow (2012), along with Martin (2001) and Ralph et al. (1994)
suggest an important factor in the function of large wood is its diameter. Martin (2001)
observed >50% of pools associated with large wood in managed forested streams along
the southern coast of Alaska, with as much as 39% of that wood >60 cm in diameter.
Elsewhere, data from 245 stream segments in Washington state revealed that large wood
with a diameter >50 cm made up >20% of all wood found in a majority of streams, and
for many unharvested streams more than half the wood measured had a diameter of > 50
cm (Ralph et al. 1994). In addition, some of these sites were comprised of ~50% pools by
area (Ralph et al. 1994). In comparison, mean large wood diameters among our sites
ranged from 14±5 cm to 25±12 cm, with only one site (BEC) containing wood >50 cm in
diameter, which comprised ~3% of the wood counted.
Our study sites in the Otter River Watershed have a history of being actively logged
(VanDusen et al. 2005), which likely contributed to the smaller diameters of large wood
encountered. The size and abundance of large wood in the Otter River Watershed likely
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reflects a combination of the historical and contemporary logging practices of the region,
as logging has been associated with a reduction in the loading and diameter of wood in
rivers (Ralph et al. 1994). Results from a separate study in this part of the western Upper
Peninsula, Michigan showed only 14% of large wood associated with pools and a mean
large wood diameter of 18 cm (Cordova et al. 2007). Our sites and those from Cordova et
al. (2007) in the Western Upper Peninsula also have relatively low volumes of wood
compared to streams from the Pacific Northwest of North America and the large wood
present is often smaller. The largest diameter wood we encountered was 66 cm and the
mean diameter was 19±9 cm.. In contrast, wood in the Pacific Northwest can have larger
mean diameters (e.g. 22-85 cm; Beechie and Sibley 1997, Benda and Bigelow 2014) with
some wood ≥2 m in diameter (Andrus et al. 1988, Abbe and Montgomery 2003).
Although an association between channel bottom morphology and large wood was not
evident, our results provide important data on what conditions exist in these selectively
logged forests. Understanding changes in channel morphology is often a goal of
monitoring (e.g Chapter 3), and it has been argued that only using CGU classification to
quantify or monitor channel morphology may not be appropriate (Poole et al. 1997). This
is in part because criteria and determination of these classifications can be somewhat
arbitrary, for example, the edge of a pool can be gradual so the boundary is difficult to
define (Poole et al. 1997). Using separate streamwise and normal variogram models to
describe stream channel complexity as developed by Legleiter (2014a) and applied here
acts as a suitable alternative because approaches such as quantifying the number of CGUs
or measuring gross channel dimensions (e.g. mean width and depth) do not provide
enough information to characterize the underlying spatial structure in channel
morphology. Even though these methods are suitable characterizing stream channel
complexity, Legleiter (2014b) concluded that multiple variogram metrics (e.g. dispersion
variance, integral range) as well as the anisotrophic variogram models may need to be
considered to fully understand the differences when comparing among stream channels.
Legleiter (2014b) recommends that this approach may be best suited for monitoring
within stream temporal changes, particularly in response to restoration. There are
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limitations to using variogram for characterizing stream channel complexity. First, they
require surveying equipment (e.g. total station), which can be cost prohibitive. More
importantly, not all stream researchers or managers may be familiar with variograms and
because the interpretation of these data is not as straightforward as evaluating, for
example, the differences in mean values, a deeper understanding of geostatistical
techniques such as variograms may be needed. Likewise, understanding or being able to
conceptualize differences in variance structures, as well as relating these structures to
more intuitive metrics such as the initial topographic survey data (e.g. Figure 4.9) is
valuable to their interpretation.

Figure 4.9: Topographic survey data and variogram maps for Bart Creek (BTC) and West
Branch Sante (WBS) sites in the Otter River Watershed, MI. Longitudinal change in
elevation is shown in A and B, while residuals from detrended elevation data are shown
in C and D. These residuals were used in the variogram analysis to produce the variogram
maps (E, F). Based on variograms, Bart Creek was a low heterogeneity site (E) while
West Branch Sante was a high heterogeneity site (F).
Finally, there is no software or software packages that will perform these steps of
variogram assessment needed to apply the methods outlined by Legleiter (2014a) without
needing troubleshooting, meaning a substantial understanding of coding (e.g. Matlab) is
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required. Despite the complexities in using this approach to evaluate channel
morphology, we have shown that sites in the Otter River Watershed differ in their
morphological complexity, and that wood volume does not appear to relate to
complexity. The spatial complexity quantified in this study may be related to important
instream processes such as the movement and arrangement of sediment as well as habitat
heterogeneity for instream biota (Legleiter 2014b). Maintaining or improving habitat is
often a goal of management and restoration, and that these methods could be used to
reveal important relationships between the spatial structure of streambeds and instream
habitat (e.g. heterogeneity; Wohl 2016) . Due to the significance of channel morphology
for fluvial ecosystems, these data are important for understanding what morphological
conditions exist among streams in this selectively forested watershed.
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